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A significant proportion of modern marine calcium carbonate sediments is dominated by
metastable aragonite and high Mg calcite that either dissolves or stabilizes to low-Mg-calcite
(calcite) or dolomite during diagenesis. Sediment dissolution and stabilization have implications
for the CaCO3 budget in the ocean and carbon burial rates. Yet, the diagenetic conditions that
promote each process and their relative importance are poorly understood. Further, stabilization
most commonly produces calcite microcrystals that exhibit various textures and host micropores.
Despite their ubiquity in the rock record, the controls on microcrystal textures remain unclear.
Here, laboratory experiments were used to investigate aragonite-to-calcite stabilization as well as
calcite dissolution under various conditions. Results from stabilization experiments show that the
well-documented Mg inhibitory effect of calcite precipitation during stabilization is valid only at
high fluid:solid ratios (F:S). at low F:S, stabilization readily occurs despite the presence of Mg at
near seawater concentrations. These observations suggest that the stabilization of aragonite-rich
sediments to calcite-rich limestones is likely promoted by a decrease in F:S and the development
of a closed system during burial. The results also show that calcite microcrystal texture is
controlled by various depositional and diagenetic parameters including fluid chemistry,
temperature, as well as aragonite reactant type and size. These findings challenge existing

hypotheses by showing that certain calcite textures previously interpreted to reflect later stage
dissolution and cementation, can form during early diagenesis. The results also show that rhombic
calcite microcrystals form only under conditions that prevail in meteoric settings, implying that
this crystal morphology can be used as a textural proxy for meteoric diagenesis. Results from our
dissolution experiments show that the degree of fluid undersaturation with respect to calcite
correlates with district textural features at the surface of dissolving crystals, suggesting that these
distinguishing features can be used to discern dissolution conditions and mechanisms in natural
settings.

EXPERIMENTAL INSIGHTS INTO THE ORIGIN
OF MICROCRYSTALLINE CALCITES

by
Mohammed S. Hashim

A dissertation submitted to the Graduate College
in partial fulfillment of the requirements
for the degree of Doctor of Philosophy
Geological and Environmental Sciences
Western Michigan University
April 2022

Doctoral Committee:
Stephen E. Kaczmarek, Ph.D., Chair
Michelle Kominz, Ph.D.
Johnson Haas, Ph.D.
Franciszek Hasiuk, Ph.D.

Copyright by
Mohammed S. Hashim
2022

ACKNOWLEDGEMENTS

I am very grateful to so many people who helped me along the way and made my 5-year
journey of getting a Ph.D. much easier than it could have been. First and foremost, I want to thank
my advisor, Dr. Steve Kaczmarek. Steve, your tranquility, wisdom, intelligence, patience, and
kindness have made my graduate school experience enjoyable, unique, and unforgettable. I feel
truly lucky to have had the opportunity of completing my Ph.D. under your supervision. There is
no way I can list everything I am grateful for, but I want to specifically thank you for believing in
me when I started, for encouraging me to take P Chem. (honk-honk!), for being patient, and for
guiding and supporting me in navigating the academy. You have done everything in your power
to help me succeed. Thank you for all the great books, bike rides, and walks. It’s been a great
pleasure knowing and working with you.

I would like to thank my dissertation committee members: Drs. Michelle Kominz, Franek
Hasiuk, and Johnson Haas for being on the committee, for their flexibility, and for the valuable
feedback they provided. Special thanks to you, Michelle, for being an inspiring educator and a
brilliant scientist. Your originality and brilliance have been a source of motivation to me. Your
involvement with the International Ocean Discovery Programs sparked my interest in Scientific
Ocean Drilling, which have shaped my research immensely and opened so many doors of
opportunity. I also would like to thank Dr. Bill Harrison who gave me the opportunity to work at
the Michigan Geological Repository for Research and Education (aka, MGRRE) and helped me
financially during my second semester. I also want to thank Dr. Matt Reeves for the helpful

ii

Acknowledgments—Continued

discussions about confined and unconfined aquifers in marine environments and for all the
recommendation letters.
Thank you to my friends and colleagues in WMU’s Department of Geological and
Environmental Sciences, especially the former and current members of the Carbonate Petrology
and Characterization Lab for making this journey fun. I especially want to thank my partner and
lab mate, Katharine Rose. Thank you, Kat, for your continuous support, for being there for me
during difficult times, and for helping me stay sane during the pandemic. I enjoyed discussing
carbonates with you during our campus walks and I had a great time going to scientific conferences
with you (AAPG once and AGU twice!). Thanks to Drs. Cameron Manche and Brooks Ryan, with
whom I shared an office for the majority of my graduate school. I really enjoyed our trips to Utah
and Texas. Thank you to Ashley Scott and Ariel Martin for being great office neighbors.

I would also like to thank many other people for their love and support. My sister, Luma,
expressed her love in the form of date-filled cookies that she sent all the way from Texas. My
sister, Zainab, and her lovely kids, for all the chats and for making me laugh during the darkest of
times. My friend, Hanan, for listening to me rambling about my experiments. While Hanan is not
a geologist, she tried her best to understand what I was talking about, even though I myself wasn’t
sure what I was talking about back then. Zaid, for all the tips about graduate school and for making
my experience at WMU smooth and effortless.

iii

Acknowledgments—Continued

I would like to acknowledge the National Science Foundation for funding this project
through a collaborative grant (EAR-SGP-1828880) awarded to Drs. Steve Kaczmarek and Franek
Hasiuk, which included supporting me for two years as a Research Assistant. I also want to
acknowledge WMU’s Department of Geological and Environmental Sciences for two years of
Teaching Assistantship. The U.S. Science Support Program (USSSP) is acknowledged for
awarding me the Schlanger Fellowship, which provided funding for the last year of my Ph.D.
Special thanks to Carl Brenner, the director of the USSSP for being supportive and approachable
and to Dr. Kathleen Marsaglia from California State University for being a great mentor. Thank
you to the Society for Sedimentary Geology (SEPM) and WMU’s Graduate College for awarding
me research and travel grants.

Finally, and most importantly, my deepest gratitude goes to my parents for their love,
support, and inspiration. They instilled in me many good habits, without which I certainly would
not have been able to finish this degree with such a success, if at all. I dedicate this work to the
memory of my father for sacrificing the best of his years so I can be here today and to my mother
for her unconditional, endless love.

Mohammed S. Hashim

iv

TABLE OF CONTENTS

ACKNOWLEDGEMENTS ................................................................................................... ii
LIST OF TABLES ............................................................................................................... viii
LIST OF FIGURES ............................................................................................................... ix
CHAPTER I: INTRODUCTION ...........................................................................................1
Introduction ................................................................................................................................1
Limestone Microporosity ...........................................................................................................1
A Solution to the Enigma of Aragonite to Calcite Stabilization ................................................2
New Insights into the Origin of Microcrystalline Calcite Textures ...........................................4
References ..................................................................................................................................6
CHAPTER II: A REVIEW OF THE NATURE AND ORIGIN OF LIMESTONE
MICROPOROSITY ..............................................................................................................10
Abstract ....................................................................................................................................10
Introduction ..............................................................................................................................11
Definitions and Terminology ...................................................................................................17
Precursor Sediments.................................................................................................................21
Microporosity and Microcrystals in Ancient Limestones ........................................................36
Origin of Microporosity and LMC Microcrystals ...................................................................43
Chalk Microporosity ................................................................................................................73
Summary ..................................................................................................................................78
Acknowledgements ..................................................................................................................79
References ................................................................................................................................80
CHAPTER III: THE TRANSFORMATION OF ARAGONITE TO CALCITE IN
THE PRESENCE OF MAGNESIUM: IMPLICATIONS FOR MARINE
DIAGENESIS .......................................................................................................................106
Abstract ..................................................................................................................................106
Introduction ............................................................................................................................107
Methods..................................................................................................................................110
Results ....................................................................................................................................113
v

Table of Contents - continued
Discussion ..............................................................................................................................115
Conclusions ............................................................................................................................129
Acknowledgements ................................................................................................................129
References ..............................................................................................................................130
Appendix ................................................................................................................................134
CHAPTER IV: EXPERIMENTAL STABILIZATION OF CARBONATE
SEDIMENTS TO CALCITE: INSIGHTS INTO THE DEPOSITIONAL AND
DIAGENETIC CONTROLS ON CALCITE MICROCRYSTAL TEXTURE ...............142
Abstract ..................................................................................................................................142
Introduction ............................................................................................................................143
Methods..................................................................................................................................146
Results 150
Discussion ..............................................................................................................................155
Conclusions ............................................................................................................................168
Acknowledgements ................................................................................................................169
References ..............................................................................................................................169
Appendix ................................................................................................................................174
CHAPTER V: EVOLUTION OF CALCITE MICROCRYSTAL MORPHOLOGY
DURING EXPERIMENTAL DISSOLUTION .................................................................184
Abstract ..................................................................................................................................184
Introduction ............................................................................................................................185
Methods..................................................................................................................................188
Results 194
Discussion ..............................................................................................................................203
Conclusions ............................................................................................................................213
Acknowledgements ................................................................................................................213
References ..............................................................................................................................214
CHAPTER VI: RHOMBIC CALCITE MICROCRYSTALS AS A TEXTURAL
PROXY FOR METEORIC DIAGENESIS .......................................................................220
Abstract ..................................................................................................................................220
Introduction ............................................................................................................................221
vi

Table of Contents - continued
Results ....................................................................................................................................222
Discussion ..............................................................................................................................224
Conclusions ............................................................................................................................232
Methods..................................................................................................................................233
Acknowledgments..................................................................................................................234
References ..............................................................................................................................234
Appendix ................................................................................................................................238

vii

LIST OF TABLES
2.1 Non-exhaustive list of studies that investigated limestone microporosity organized by
geologic age. ....................................................................................................................12
2.2 Qualitative susceptibility of carbonate grains to micropore development.......................60
3.1 Summary of experimental conditions. .............................................................................111
3.2 Avrami rate equation constants (Eq. 2) for reaction curves shown in Figure 3.2............114
4.1 Experimental conditions. .................................................................................................148
5.1 Summary of experimental conditions and dissolution rates* ..........................................191
6.1 Studies that report rhombic calcite microcrystals in Phanerozoic limestones. ................223
6.2 Observations from previous experimental studies showing the conditions under which
rhombic and non-rhombic calcite microcrystals form. ....................................................226

viii

LIST OF FIGURES
2.1 Thin section photomicrographs of Cretaceous-age limestones from Middle East. .........15
2.2 Schematic illustration of the different micropore types in limestones as they appear
under light microscope (A, B, C, and D) and under SEM (E and F). ..............................18
2.3 SEM photomicrographs showing various micropore types (illustrated in Figure 2). ......19
2.4 The various micropore definitions in literature. ..............................................................21
2.5 Thin section and SEM photomicrographs of a Cretaceous-age limestone reservoir
from the Middle East showing the major type of micropores in limestones that is
hosted within LMC microcrystals at different scales. .....................................................22
2.6 XRD diffractograms of modern lime mud from U.S. Virgin Islands (blue) and
microcrystals in matrix of Cretaceous-age limestone from Middle East (red). ...............30
2.7 SEM photomicrographs of carbonate mud from different modern environments
showing the variability in mineralogy and texture. .........................................................32
2.8 Primary skeletal mineralogy of some common organisms in carbonates. .......................35
2.9 SEM photomicrographs showing microstructure of some organisms. ............................37
2.10 Summary of the main textural classifications of LMC microcrystals. ..........................42
2.11 SEM photomicrographs showing a unique texture exhibited by LMC microcrystals
in stromatoporoids from Kee Scarp reef, Norman Wells, Canada. .................................43
2.12 The three petrophysical types proposed by Kaczmarek et al. (2015). ...........................45
2.13 Porosity-permeability cross plot showing log-linear relationship in microporosity
dominated limestones.......................................................................................................46
2.14 Cross plot showing an inverse relationship between percent microporosity and sonic
velocity (Vp). ...................................................................................................................47
2.15 Conceptual diagram showing Sr/Ca and Mg/Ca contents of modern lime mud and
ancient LMC microcrystals. .............................................................................................49
2.16 SEM photomicrographs showing rhombic LMC microcrystals within Holocene
aragonite mud from the Bahamas. ...................................................................................52
2.17 SEM photomicrographs illustrating the conversion of synthetic aragonite needles to
LMC microcrystals in stabilization experiments in distilled water at 50˚ C conducted
by McManus and Rimstidt (1982). ..................................................................................53
2.18 SEM photomicrographs of chalk from the North Sea. ..................................................76
2.19 SEM photomicrographs (left) and backscatter photomicrographs of epoxyimpregnated and polished thin sections (middle and right) from ODP Site 807
showing the development of chalk with depth. ...............................................................77
ix

List of Figures - continued
3.1 (A) SEM image of the pulverized, sieved, and annealed single crystal aragonite used
as a reactant in all experiments. .......................................................................................115
3.2 Plots of reaction time versus percent calcite products for all experiments. Reaction
curves were fitted to the data using Avrami equation (Eq. 2). ........................................116
3.3 Cross plot showing the evolution of fluid [Ca], [Mg], and [Sr] during the aragonite to
calcite stabilization reaction for Experiment C-2 (high degree of undersaturation,
[Mg] = 5 mM and fluid:solid ratio = 2 mL/g)..................................................................117
3.4 Cross plot showing an increase in Mg/Ca in calcite products with the increase in
fluid:solid ratio. All experiments in this figure used an initial fluid with [Mg] = 5 mM
and Mg/Ca = 5.14. ...........................................................................................................118
3.5 Model of Mg/Ca ratio in a seawater solution at equilibrium with aragonite as a
function of aragonite initial saturation state.....................................................................120
3.6 The modeled decrease in fluid Mg/Ca ratio during aragonite to calcite stabilization as
a function of fluid to solid ratio (F:S) for different Mg partition coefficients (DMg).......124
3.7 The modeled Mol% MgCO3 incorporated into calcite stabilized from aragonite in a
closed system for different Mg partition coefficients (DMg) plotted as a function of
fluid to solid ratio (F:S)....................................................................................................125
4.1 SEM photomicrographs from Series 1 showing calcite microcrystals exhibiting
granular euhedral texture at various reaction times. ........................................................151
4.2 The relationship between average crystal size of calcite and various experimental
parameters. .......................................................................................................................152
4.3 Dependence of aragonite to calcite reaction rate on various experimental conditions. ...153
4.4 SEM photomicrographs from Series 2 showing calcite microcrystals from
stabilization at various temperatures. ...............................................................................154
4.5 SEM photomicrographs from Series 3 showing calcite microcrystals from
experiments conducted with different fluid to solid ratios (mL:g). .................................156
4.6 SEM photomicrographs from Series 4 showing calcite microcrystals from
stabilization in solutions with different chemical compositions. .....................................157
4.7 SEM photomicrographs from Series 5 showing calcite microcrystals stabilized from
different pulverized reactants. ..........................................................................................158
4.8 SEM photomicrographs from Series 5 showing calcite microcrystals stabilized from
different whole (unpowdered) reactants. .........................................................................159
4.9 SEM photomicrographs from Series 6 showing calcite microcrystals stabilized from
aragonite reactants with different size fractions. .............................................................160
5.1 A schematic diagram of the pH-stat system used for the dissolution experiments. ........189
x

List of Figures - continued
5.2 SEM images of the various microcrystalline calcite reactants used in the dissolution
experiments. .....................................................................................................................194
5.3 A) Experimentally determined dissolution rates plotted as a function of solution pH.
Dissolution rate increases with the decrease of solution pH............................................195
5.4 High-magnification SEM images of partially dissolved calcite crystals showing some
of the dissolution features discussed in this study. ..........................................................198
5.5 SEM images of dissolved calcite crystals for Series 1 – 4 representing different
degrees of fluid undersaturation with respect to calcite...................................................200
5.6 SEM images of dissolved calcite crystals for Series 5 – 8 representing different types
of calcite reactants and degrees of fluid undersaturation with respect to calcite. ............202
5.7 High-resolution SEM images of synthetic and natural calcite crystals dissolved under
far-from-equilibrium and near-equilibrium conditions. ...................................................205
5.8 High-resolution SEM images of a natural calcite crystal before and after dissolution
under far-from-equilibrium conditions (Series 7). ...........................................................207
6.1 SEM images showing calcite microcrystals from various experimental and natural
samples. ............................................................................................................................223
6.2 SEM images of rhombic calcite microcrystals from (A) Malacca limestone, (B) Stuart
City Trend, and (C) Thamama Gp. ..................................................................................229
6.3 𝛿13C and 𝛿18O from Phanerozoic limestones characterized by rhombic calcite
microcrystals (Table 6.1). ................................................................................................231

xi

CHAPTER I: INTRODUCTION

Introduction
Sedimentary carbonate rocks (i.e., limestone and dolomite) are the largest carbon reservoir
on Earth and their formation and dissolution play a vital role in regulating oceanic and atmospheric
chemistry (Berner, 2006). Carbonate rocks are also vast records of the evolution of Earth’s surface
conditions through time since carbonate minerals have been forming near Earth’s surface for more
than 3.5 billion years (Lyons et al., 2014). Additionally, carbonates are important water aquifers,
hydrocarbon reservoirs, and potential reservoirs for anthropogenic CO2 (Harrison et al., 2009).
Ancient carbonate rocks are mineralogically different from present-day carbonate
sediments from which they have been assumed to have formed (Morse et al., 2007). While ancient
rocks are predominantly composed of calcite and dolomite, modern sediments in shallow marine
environments are dominated by aragonite and high-Mg calcite (HMC) (Morse et al., 2007;
Gischler et al., 2013). Because aragonite and high-Mg calcite are metastable minerals, they tend
to stabilize to the least soluble calcite and dolomite (Morse and Mackenzie, 1990). Stabilization of
aragonite sediments to calcite is a ubiquitous diagenetic process that occurs via dissolution of
aragonite and reprecipitation of calcite (Walter et al., 1993). Calcite that forms via stabilization of
aragonite sediments is often characterized by microcrystals that measure between 1 and 9 µm in
diameter (Kaczmarek et al., 2015).
Limestone Microporosity
Calcite microcrystals are ubiquitous in Phanerozoic limestones and they host most of
limestone microporosity (Moshier, 1989; Kaczmarek et al., 2015; Hasiuk et al., 2016).
Microporosity, which refers to the micrometer-size pores, has been reported in Phanerozoic
limestone reservoirs throughout the Middle East, North Africa, Southeast Asia, the Caspian region,
North America, South America, and Europe (Moshier, 1989; Kaczmarek et al., 2015; Hasiuk et
al., 2016). Microporosity is important because it can host significant volumes of oil and gas,
particularly when the hydrocarbon column is thick enough to overcome the entry pressure of the
1

small pore throats (Pittman, 1971). Despite this economic importance, there has been only one
review article dedicated to limestone microporosity (Moshier, 1989). Since 1989, significant
advancements in our understanding of limestone microporosity have been made. Accordingly,
Chapter II of this dissertation is an extensive review of the nature and origin of limestone
microporosity. Given that most limestone microporosity is hosted among calcite microcrystals
(Moshier, 1989), and that the microcrystals are diagenetic in origin and form via stabilization from
aragonite and HMC sediments (Kaczmarek et al., 2015; Hasiuk et al., 2016), Chapter II not only
reviews limestone microporosity, but also modern carbonate sediments in terms of their origin,
mineralogy, and texture. It also provides an overview of calcite microcrystals, their textural
classification schemes, and the relationship between calcite microcrystal textures and
petrophysical properties. The diagenetic origin of calcite microcrystals is also reviewed. Chapter
II is published in the peer-reviewed scientific journal Marine and Petroleum Geology (Hashim and
Kaczmarek, 2019).
A Solution to the Enigma of Aragonite to Calcite Stabilization
The process of stabilization (also referred to as replacement, neomorphism,
recrystallization) whereby aragonite and HMC dominated sediments stabilize to calcite is a
ubiquitous diagenetic process (Bathurst, 1972; Walter et al., 1993). Understanding mineralogical
stabilization is not only relevant to the origin of limestone microporosity, but also to the diagenetic
history of limestones in general. Stabilization is essentially the process by which loose carbonate
sediments become lithified limestones (Bathurst, 1972). Furthermore, given that stabilization is a
dissolution-reprecipitation reaction, it can reset sediment isotopic signatures and trace elemental
contents, which are routinely used for paleoclimatic and palaeoceanographic reconstructions
(Higgins et al., 2018).
Despite the ubiquity and importance of carbonate sediment stabilization, the geochemical
conditions under which stabilization occurs are poorly understood (Morse and Mackenzie, 1990).
This lack of understanding primarily centers around the role of aqueous Mg in the stabilization
reaction. Initially, several experimental studies showed that while aragonite stabilizes to calcite in
2

distilled water, the presence of Mg in the aqueous solution strongly inhibits stabilization (Taft,
1967; Bischoff, 1968). These observations led to the broad supposition that stabilization does not
take place in marine diagenetic environments due to the presence of ample Mg in seawater-derived
pore fluids (Taft, 1967; Bischoff, 1968). However, several studies of shallow-marine carbonate
sediments in the subsurface of the Great Bahama Bank – a major aragonite-dominated carbonate
bank – and its slope reported diagenetic calcite crystals within aragonite-dominated marine
sediments, which were interpreted to have formed via stabilization in seawater or seawater-derived
pore-fluids (e.g., Melim et al., 1995; Malone et al., 2001; Melim et al., 2002). In some cases, these
sediments were/are in contact with pore fluids whose [Mg] and [Ca] closely resemble seawater
(e.g., Malone et al., 2001). Furthermore, geochemical data from Phanerozoic limestones suggest
that the vast majority of calcite microcrystals in the rock record formed during shallow burial from
marine derived fluids (e.g., Hasiuk et al., 2016 and references therein). Collectively, these
observations suggest that aragonite does stabilize to calcite in the presence of Mg, likely at
seawater concentration, despite our inability to experimentally replicate this process (e.g., Taft,
1967; Bischoff, 1968; Katz, 1973; Guo et al., 2019; Hashim and Kaczmarek, 2020).
Chapter III focuses on the enigma of aragonite to calcite stabilization in the presence of
Mg. Our study points to fluid to solid ratio (F:S) as an important variable in controlling aragonite
to calcite stabilization. We specifically show that Mg inhibition of stabilization only occurs under
high F:S. Under low F:S, we demonstrate experimentally, for the first time, that low-Mg calcite
can form from aragonite in a solution containing Mg and Ca at seawater concentrations. These
observations suggest that stabilization in marine diagenetic environments may be driven by a
decrease in the F:S during burial. We further show that Mg partition coefficients determined for
calcite in experiments employing high F:S ratios may not be applicable to diagenetic calcites
observed in nature, and that a re-evaluation of those partition coefficients using more geologically
realistic F:S ratios may be required. Chapter III is published in the peer-reviewed scientific journal
Earth and Planetary Science Letters (Hashim and Kaczmarek, 2021a).

3

New Insights into the Origin of Microcrystalline Calcite Textures
Calcite microcrystals that form via stabilization and host most limestone micropores are
characterized by various textures (Moshier, 1989; Lambert et al., 2006; Kaczmarek et al., 2015).
Importantly, these textures have been shown to exhibit unique petrophysical properties such as
porosity, permeability, and pore-throat radius (Kaczmarek et al., 2015). Additionally, calcite
microcrystal textures may hold clues to the precursor sediments from which they stabilized or to
the diagenetic conditions of stabilization, thus they can help us reconstruct paleoenvironment
and/or unravel the diagenetic history of limestones.
While calcite microcrystals are generally interpreted to be diagenetic in origin (Hasiuk et
al., 2016 and references therein), the origin of the various textures exhibited by the microcrystals
are widely debated (Hashim and Kaczmarek, 2019). Some authors have suggested that calcite
microcrystal textures are determined by depositional parameters, such as the mineralogy, texture,
or type of the precursor sediments (e.g., Lasemi and Sandberg, 1984). Other authors ascribe
textures to the diagenetic conditions during stabilization, such as fluid chemistry (Folk, 1974). Still
others have invoked specific diagenetic processes, such as dissolution, cementation, and
compaction to explain some calcite microcrystal textures (e.g., Lambert et al., 2006). In Chapter
IV, I take a different approach than most previous studies to investigate the origin of calcite
microcrystal textures. The new approach utilizes laboratory experiments to mimic the process of
stabilization and explore the effect of various depositional and diagenetic parameters on texture
under controlled settings. Results from hundreds of experiments show that calcite textures are
controlled by various parameters such as fluid chemistry, fluid:solid ratio, and precursor
mineralogy. The findings challenge most previous hypotheses regarding the origin of calcite
microcrystal textures by showing that textures that have been interpreted to indicate late diagenetic
processes such as dissolution and cementation, may be the result of the early diagenetic process of
stabilization. Chapter IV is published in Earth and Planetary Science Letters (Hashim and
Kaczmarek, 2020).
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Although Hashim and Kaczmarek (2020) experimentally demonstrate that aragonite
sediment stabilization may result in a wide range of calcite microcrystal textures that are
remarkably similar to those observed in natural limestones, other diagenetic processes may also
be responsible for making or modifying some of the calcite microcrystal textures. One popular
hypothesis is that partial dissolution of rhombic calcite microcrystals during burial diagenesis leads
to the formation of rounded calcite microcrystals (Lambert et al., 2006). This hypothesis was based
primarily on textural observations. That is, the rounded morphology of calcite crystals and the
gulfs (i.e., grooves/channels) between crystals were suggested to be evidence for dissolution
(Lambert et al., 2006). Although the dissolution hypothesis is commonly invoked to explain the
origin of rounded calcite microcrystals (e.g., Rosales et al., 2018; Tavakoli and Jamalian, 2018;
Valencia and Laya, 2020), it has been criticized based on textural observations, mass-balance
considerations, and geochemical constraints (Kaczmarek et al., 2015; Ehrenberg et al., 2019).
Chapter V explicitly test the dissolution hypothesis using well-controlled dissolution
experiments whereby various types of calcites composed of either rhombic or polyhedral
microcrystals were partially dissolved under a constant degree of undersaturation, both near and
far-from-equilibrium. The results show that calcite crystals dissolved under far-from-equilibrium
conditions develop rounded edges and corners, inter-crystal gulfs, and a few etch pits on crystal
faces – observations consistent with the burial dissolution hypothesis. Crystals dissolved under
near-equilibrium conditions, however, retain sharp edges and corners and develop ledges and pits
– suggesting that dissolution occurs more selectively at high-energy sites. The results also show
that while the rhombic calcite crystals may develop rounded edges and corners, when dissolved
under far-from-equilibrium conditions, the crystals themselves do not become spherical. By
contrast, polyhedral crystals not only develop rounded edges and corners, when dissolved under
far-from-equilibrium conditions, but become nearly spherical with continued dissolution.
Collectively, these observations suggest that rounded calcite microcrystals more likely form from
a precursor exhibiting an equant polyhedral texture, rather than from a euhedral rhombic precursor
as previously proposed. Lastly, the observation that calcite crystals developed rounded edges and
corners and inter-crystal gulfs after only 5% dissolution indicates that the presence of such features
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in natural limestones need not imply that significant porosity generation has occurred. Chapter V
is published in the Journal of Sedimentary Research (Hashim and Kaczmarek, 2021b).
While Hashim and Kaczmarek (2020) demonstrated that calcite microcrystal textures are
controlled by various depositional and diagenetic variables, a meaningful trend emerges when the
experimental data are considered within the context of diagenetic environments. Specifically,
Hashim and Kaczmarek (2020) and many other experimental studies have shown that calcite
microcrystals precipitating under conditions similar to those that characterize meteoric diagenetic
settings (impurity-free, low degree of supersaturation, high fluid:solid ratio) exhibit the rhombic
form/morphology, whereas calcite microcrystals crystallizing under conditions similar to those
that prevail in marine and marine burial diagenetic settings (impurity-rich, high degree of
supersaturation, low fluid:solid ratio) exhibit non-rhombic forms. Based on these observations,
Chapter VI tests the hypothesis that rhombic calcite microcrystals form exclusively in meteoric
environments using new and previously published textural and geochemical data from the rock
record. The data show that most Phanerozoic limestones characterized by rhombic microcrystals
also exhibit petrographic and/or geochemical evidence (depleted δ13C, δ18O, and trace elements)
indicative of meteoric diagenesis whereas non-rhombic forms are associated with marine burial
conditions. Chapter VI is published in the peer-reviewed journal Scientific Reports (Hashim and
Kaczmarek, 2022).
References
Bathurst, R.G., 1972. Carbonate sediments and their diagenesis. Elsevier.
Berner, R.A., 2006. GEOCARBSULF: a combined model for Phanerozoic atmospheric O2 and
CO2. Geochimica et Cosmochimica Acta, 70(23), pp.5653-5664.
Bischoff, J.L., 1968. Kinetics of calcite nucleation: magnesium ion inhibition and ionic strength
catalysis. Journal of Geophysical Research, 73(10), pp.3315-3322.
Ehrenberg, S.N., Walderhaug, O. and Bjørlykke, K., 2019. Discussion of “Microfacies, diagenesis
and oil emplacement of the Upper Jurassic Arab-D carbonate reservoir in an oil field in central
Saudi Arabia (Khurais Complex)” by Rosales et al.(2018). Marine and Petroleum Geology,
100, pp.551-553.
6

Gischler, E., Dietrich, S., Harris, D., Webster, J.M. and Ginsburg, R.N., 2013. A comparative study
of modern carbonate mud in reefs and carbonate platforms: Mostly biogenic, some
precipitated. Sedimentary Geology, 292, pp.36-55.
Guo, Y., Deng, W. and Wei, G., 2019. Kinetic effects during the experimental transition of
aragonite to calcite in aqueous solution: insights from clumped and oxygen isotope signatures.
Geochimica et Cosmochimica Acta, 248, pp.210-230.
Harrison III, W.B., Grammer, G.M. and Barnes, D.A., 2009. Reservoir characteristics of the Bass
Islands dolomite in Otsego County, Michigan: Results for a saline reservoir CO2 sequestration
demonstration. Environmental Geosciences, 16(3), pp.139-151.
Hashim, M.S. and Kaczmarek, S.E., 2019. A review of the nature and origin of limestone
microporosity. Marine and Petroleum Geology, 107, pp.527-554.
Hashim, M.S. and Kaczmarek, S.E., 2020. Experimental stabilization of carbonate sediments to
calcite: Insights into the depositional and diagenetic controls on calcite microcrystal texture.
Earth and Planetary Science Letters, 538, p.116235.
Hashim, M.S. and Kaczmarek, S.E., 2021a. The transformation of aragonite to calcite in the
presence of magnesium: Implications for marine diagenesis. Earth and Planetary Science
Letters, 574, p.117166.
Hashim, M.S. and Kaczmarek, S.E., 2021b. Evolution of calcite microcrystal morphology during
experimental dissolution. Journal of Sedimentary Research, 91(3), pp.229-242.
Hasiuk, F.J., Kaczmarek, S.E. and Fullmer, S.M., 2016. Diagenetic origins of the calcite
microcrystals that host microporosity in limestone reservoirs. Journal of Sedimentary
Research, 86(10), pp.1163-1178.
Higgins, J.A., Blättler, C.L., Lundstrom, E.A., Santiago-Ramos, D.P., Akhtar, A.A., Ahm, A.C.,
Bialik, O., Holmden, C., Bradbury, H., Murray, S.T. and Swart, P.K., 2018. Mineralogy, early
marine diagenesis, and the chemistry of shallow-water carbonate sediments. Geochimica et
Cosmochimica Acta, 220, pp.512-534.
Kaczmarek, S.E., Fullmer, S.M. and Hasiuk, F.J., 2015. A universal classification scheme for the
microcrystals that host limestone microporosity. Journal of Sedimentary Research, 85(10),
pp.1197-1212.
Katz, A., 1973. The interaction of magnesium with calcite during crystal growth at 25–90 C and
one atmosphere. Geochimica et Cosmochimica Acta, 37(6), pp.1563-1586.

7

Lambert, L., Durlet, C., Loreau, J.P. and Marnier, G., 2006. Burial dissolution of micrite in Middle
East carbonate reservoirs (Jurassic–Cretaceous): keys for recognition and timing. Marine and
Petroleum Geology, 23(1), pp.79-92.
Lasemi, Z. and Sandberg, P.A., 1984. Transformation of aragonite-dominated lime muds to
microcrystalline limestones. Geology, 12(7), pp.420-423.Folk, R.L., 1974. The natural history
of crystalline calcium carbonate; effect of magnesium content and salinity. Journal of
Sedimentary Research, 44(1), pp.40-53.
Lyons, T.W., Reinhard, C.T. and Planavsky, N.J., 2014. The rise of oxygen in Earth’s early ocean
and atmosphere. Nature, 506(7488), pp.307-315.
Malone, M.J., Slowey, N.C. and Henderson, G.M., 2001. Early diagenesis of shallow-water
periplatform carbonate sediments, leeward margin, Great Bahama Bank (Ocean Drilling
Program Leg 166). Geological Society of America Bulletin, 113(7), pp.881-894.
Melim, L.A., Swart, P.K. and Maliva, R.G., 1995. Meteoric-like fabrics forming in marine waters:
Implications for the use of petrography to identify diagenetic environments. Geology, 23(8),
pp.755-758.
Melim, L.A., Westphal, H., Swart, P.K., Eberli, G.P. and Munnecke, A., 2002. Questioning
carbonate diagenetic paradigms: evidence from the Neogene of the Bahamas. Marine Geology,
185(1-2), pp.27-53.
Morse, J.W. and Mackenzie, F.T., 1990. Geochemistry of sedimentary carbonates. Elsevier.
Morse, J.W., Arvidson, R.S. and Lüttge, A., 2007. Calcium carbonate formation and dissolution.
Chemical reviews, 107(2), pp.342-381.
Moshier, S.O., 1989. Microporosity in micritic limestones: a review. Sedimentary geology, 63(34), pp.191-213.
Rosales, I., Pomar, L. and Al-Awwad, S.F., 2018. Microfacies, diagenesis and oil emplacement of
the Upper Jurassic Arab-D carbonate reservoir in an oil field in central Saudi Arabia (Khurais
Complex). Marine and Petroleum Geology, 96, pp. 551-576.
Taft, W.H., 1967. Physical chemistry of formation of carbonates. In Developments in
sedimentology (Vol. 9, pp. 151-167). Elsevier.
Tavakoli, V. and Jamalian, A., 2018. Microporosity evolution in Iranian reservoirs, Dalan and
Dariyan formations, the central Persian Gulf. Journal of Natural Gas Science and Engineering,
52, pp.155-165.

8

Valencia, F.L. and Laya, J.C., 2020. Deep-burial dissolution in an Oligocene-Miocene giant
carbonate reservoir (Perla Limestone), Gulf of Venezuela Basin: Implications on
microporosity development. Marine and Petroleum Geology, 113, p.104144.
Walter, L.M., Bischof, S.A., Patterson, W.P. and Lyons, T.W., 1993. Dissolution and
recrystallization in modern shelf carbonates: evidence from pore water and solid phase
chemistry. Philosophical Transactions of the Royal Society of London. Series A: Physical and
Engineering Sciences, 344(1670), pp.27-36.

9

CHAPTER II: A REVIEW OF THE NATURE AND ORIGIN OF LIMESTONE
MICROPOROSITY

Mohammed S. Hashim1 & Stephen E. Kaczmarek1
1

Department of Geological and Environmental Sciences, Western Michigan University,
Kalamazoo, MI 49008, U.S.A.
Hashim, M.S., and Kaczmarek, S.E., 2019, Marine and Petroleum Geology,
https://doi.org/10.1016/j.marpetgeo.2019.03.037

Abstract
Limestone microporosity is ubiquitous and extensively developed in most Phanerozoic
limestones. From an economic perspective, microporosity is important because it contributes
substantially to the carbonate pore system, which can host significant volumes of water and
hydrocarbons. Therefore, determining the presence and distribution of limestone micropores is
necessary for accurate hydrocarbon estimations, reservoir characterization, and fluid flow
simulations. From an academic standpoint, microporosity is important because its genesis is
intimately linked with the mineralogical stabilization of metastable sediments, a fundamental
process in carbonate diagenesis.
Many types of micropores contribute to what has been referred to as microporosity, but the
vast majority is hosted among low-magnesium calcite (LMC) microcrystals that are present in
limestone matrix and allochems. Geochemical, textural, and mineralogical data from natural
settings and laboratory experiments indicate that LMC microcrystals are diagenetic in origin. More
specifically, these data support a diagenetic model of mineralogical stabilization that involves
dissolution of precursor sediments dominated by aragonite and high-magnesium calcite (HMC)
minerals, and precipitation of LMC microcrystal cements. The stabilization process is inferred to
take place in the meteoric, marine, and burial diagenetic realms. Although it has not been directly
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observed, carbon and oxygen isotopes, as well as trace element data suggest that LMC
microcrystals form during burial diagenesis in marine-like fluids.
Evidence suggests that porosity is not generated during this dissolution-precipitation
process, but rather inherited from the precursor sediments. The final arrangement of the micropores
in a limestone, however, depends on the precise diagenetic pathway. LMC microcrystals exhibit a
range of microcrystalline textures that are classified on the basis of crystal morphology and size.
The three main textural classes - granular (framework), fitted (mosaic), and clustered - have been
recognized across a wide range of ages, depositional settings, burial depths, and precursor types,
and are characterized by distinct petrophysical properties, such as porosity, permeability, and porethroat size.
Observations from modern sediments also support the hypothesis that LMC microcrystals
develop from aragonite and HMC dominated lime mud. The origin of lime mud has been
extensively studied but still highly debated. Of particular interest to the discussion of
microporosity are proposed secular variations in the dominant mineralogy of carbonate sediments
through the Phanerozoic. Microporous limestones comprised of LMC microcrystals are equally
abundant during times of aragonite seas and calcite seas, which suggests that no special mineral
precursor is required. Microporous textures are also observed in deep marine chalks where
micropores are hosted between chalk constituents. Unlike shallow marine limestones, deep marine
sediments start out as mostly LMC therefore mineralogical stabilization is not a significant process
in chalk diagenesis.
Introduction
Porosity is perhaps the most important petrophysical property of a carbonate rock. Pore
abundance (storage capacity) and connectivity (permeability) are routinely used to characterize
limestone reservoirs in terms of economic value, and as a means of assessing diagenetic alteration
(Lucia, 2007; Moore and Wade, 2013). Whereas conventional porosity models focus on the
macroscopic pores located between larger carbonate allochems (Archie, 1952; Choquette and Pray,
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1970), new research shows that most carbonates host vastly more complicated pore systems,
particularly at the micrometer scale (Lucia, 1995; Lønøy, 2006).
Limestone microporosity refers to the abundance of micrometer-size pores common in a
wide variety of ancient limestones (Wright et al., 1997; Fabricius, 2007). Microporosity has been
reported in Phanerozoic limestone reservoirs throughout the Middle East, North Africa, Southeast
Asia, the Caspian region, North America, South America, and Europe (Table 2.1). In many of
these reservoirs, microporosity constitutes a significant proportion of the total pore system (e.g.,
Kaczmarek et al., 2015; Van Simaeys et al., 2017). It is therefore essential to understand the
occurrence and distribution of microporosity in limestone reservoirs (Fullmer et al., 2014).
Microporosity is an important research topic for several economic reasons. First, limestone
micropores can host significant volumes of oil and gas, particularly when the hydrocarbon column
is thick enough to overcome the entry pressure of the small pore throats (Illing et al. 1967; Pittman,
1971). More commonly perhaps, micropores are filled with bound, immobile water that is detected
on resistivity log responses, leading to erroneously high hydrocarbon estimates (Kieke and
Hartmann 1974; Keith and Pittman, 1983; Cantrell and Hagerty, 1999). The distribution of
microporosity in a reservoir must be considered for accurate volumes and fluid flow simulations
of both hydrocarbon reservoirs and groundwater aquifers (Akbar et al., 2000; Harland et al. 2015).
Table 2.1 Non-exhaustive list of studies that investigated limestone microporosity organized by geologic age. All
studies are in marine limestones, unless otherwise noted.
Age
Holocene
Pleistocene
Pleistocene and
Oligocene
Miocene–Pleistocene
Miocene–Pleistocene
Neogene
Miocene (lacustrine)
Miocene
Oligocene–Pleistocene
Eocene
Eocene
Paleogene (lacustrine)
Paleocene

Location
Bahamas
Barbados
Enewetak Atoll, Marshall
Islands
Bahamas
Bahamas
Bahamas
Spain
Spain
Florida, U.S.A., Bahamas,
Mexico, Italy
Tunisia
Florida, U.S.A.
Spain
Spain

Altered Material
Aragonite Mud
Aragonite Mud
Matrix, Coral, Halimeda,
Mollusks
Matrix
Matrix & Allochems
Matrix
Matrix
Matrix
Matrix
Nummulite, Red Algae
Matrix
Matrix
Matrix
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Reference
Steinen (1982)
Steinen (1978)
Saller and Moore (1989)
Lucia (2017)
Lucia and Loucks (2013)
Melim et al. (2002)
Volery et al. (2010a)
Wright et al. (1997)
Lasemi and Sandberg (1984,
1993)
Loucks et al. (1998)
Maliva et al. (2009)
Arribas et al. (2004)
da Silva et al. (2009)

Table 2.1 - continued
Ontong Java Plateau,
Pacific Ocean

Chalk

Borre and Fabricius (1998)

U.A.E., Indonesia, Iran

Matrix

Moshier (1989a,1989b)

North Sea

Chalk

Fabricius et al. (2007)

U.A.E.

Matrix

Cretaceous

Oman, Middle East

Matrix

Cretaceous
Cretaceous

U.A.E.
Belgium, France, UK

Matrix
Chalk

Cretaceous

Middle East

Matrix

Cretaceous

Albania

Matrix

Budd (1989)
Al-Awar and Humphrey
(2000)
Cox et al. (2010)
Descamps et al. (2017)
Deville de Periere et al.
(2011)
Dewever et al. (2007)

Cretaceous

Belgium, England, France

Chalk

Fay-Gomord et al. (2016)

Cretaceous

U.A.E.

Matrix

Flugel (2004)

Cretaceous

Egypt

Chalk

Holail and Lohmann (1994)

Cretaceous

U.S.A.
Oman, Bahrain, Iraq,
Qatar, Syria, Saudi
Arabia

Matrix, Allochems

Loucks et al. (2017)

Cretaceous –
Holocene
Cretaceous & Miocene
Cretaceous &
Paleogene
Cretaceous

Cretaceous

Matrix

Cretaceous

U.A.E.

Cretaceous
Cretaceous

U.A.E.
Texas, U.S.A.

Cretaceous

Texas, U.S.A.

Cretaceous

Texas, U.S.A.

Cretaceous

Texas, U.S.A.

Cretaceous

Nova Scotia, Canada

Peloids, Skeletal
Fragments
Peloids
Matrix, Peloids
Peloids, Forams,
Intraclasts
Matrix
Matrix, Peloids, Forams,
Mollusks,
Red Algae
Chalk

Cretaceous

France

Matrix, Peloids,

Cretaceous
Jurassic & Cretaceous
Jurassic & Cretaceous
Jurassic & Cretaceous
Jurassic & Cretaceous
Jurassic
Jurassic

France
U.A.E.
Iraq, U.A.E.
France, Switzerland
France
France
France

Jurassic

France

Jurassic
Jurassic

France
Germany

Jurassic

U.K.

Matrix, Peloids
Matrix
Matrix
Matrix
Matrix
Matrix, Micritized
Grains
Matrix
Matrix
Ooids, Micritized
Bioclasts
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Volery et al. (2009)

Morad et al. (2019)
Morad et al. (2018)
Perkins (1989)
Van Simaeys et al. (2017)
Longman and Mench (1978)
Loucks et al. (2013)
Ings et al. (2005)
Fournier and Borgomano
(2009)
Richard et al. (2007)
Marzouk et al. (1998)
Lambert et al. (2006)
Joachimski (1994)
Volery et al. (2010b)
Brigaud et al. (2010)
Humbert (1976)
Carpentier et al. (2015)
Loreau (1972)
Munnecke et al. (2008)
Heasley et al. (2000)

Table 2.1 - continued
U.K.

Ooids

Sellwood and Beckett
(1991)

Jurassic

Saudi Arabia

Peloids, Matrix, Forams,
Ooids

Cantrell and Hagerty (1999)

Jurassic

Saudi Arabia

Matrix and Grains

Clerke (2008)

Jurassic
Jurassic
Jurassic

Spain
Texas, U.S.A.
Texas, U.S.A.

Matrix
Ooids
Ooids

Permian & Cretaceous

Middle East

-

Coimbra et al. (2009)
Ahr (1989)
Dravis (1989)
Tavakoli and Jamalian
(2018)

Permian

U.S.A.

Carboniferous

Canada

Devonian – Paleogene

U.S.A., Canada, Middle
East, Europe, North Africa

Jurassic

Devonian –
Carboniferous

The Caspian Sea,
Kazakhstan

Matrix, Ooids, Pisolites,
Micritized Intraclasts
Matrix, Allochems
Matrix, Peloids, Ooids,
Forams, Corals, Red
Algae, Green Algae,
Stromatoporoids,
Bivalves, Brachiopods,
Echinoderms
Matrix, Peloids, Ooids,
Forams, Corals, Red
Algae, Green Algae,
Stromatoporoids,
Bivalves, Brachiopods,
Echinoderms
Matrix, Micritized
Grains

Devonian

Canada

Stromatoporoid, Peloids

Devonian
Silurian & Pliocene
Ordovician

Canada
Bahamas, Sweden
Canada

Stromatoporoid, Peloids
Matrix
Matrix

Devonian–Oligocene

U.S.A., Canada, Middle
East, South America,
Southeast Asia, Europe,
North Africa

Pittman (1971)
Njiekak et al. (2018)

Hasiuk et al. (2016)

Kaczmarek et al. (2015)

Dickson and Kenter (2014)
Kaldi (1989)
Al-Aasm and Azmy (1996)
Munnecke et al. (1997)
Oldershaw (1972)

Historically, much of what we know about limestone microporosity comes from studies by
the oil and gas industry. In fact, microporosity was originally inferred by geologists trying to
explain limestone reservoirs exhibiting high porosities but abnormally low permeabilities (Archie,
1952; Clerke et al., 2008; Clerke, 2009). Amongst carbonate petrographers, microporosity is
commonly implicated by the presence of the “blue haze” observed in blue epoxy-impregnated
petrographic thin sections (Fig. 2.1) (Saller and Moore, 1989; Cantrell and Hagerty, 1999). More
recently, advanced electron imaging techniques has permitted high-resolution characterization of
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these small pores (see review by Milliken and Curtis, 2016). These analyses reveal that
microporosity can take on a wide variety of forms, including microporous grains and matrix,
microvugs, microchannels, and micropores between equant and fibrous cement crystals (Moshier,
1987; Moshier, 1989a; Al-Aasm and Azmy, 1996; Cantrell and Haggerty, 1999; Figs. 2.2, and
2.3). Additionally, microporosity is also observed in dolomites (e.g., Slowakiewicz et al., 2016;
Perri et al., 2017). This paper, however, reviews limestone microporosity only.

Figure 2.1 Thin section photomicrographs of Cretaceous-age limestones from Middle East. The blue haze appearance
characterizes microporous areas within the matrix, whereas the lighter blue areas characterize macropores.

In addition to its economic importance, detailed examination of the microcrystals
associated with limestone micropores may shed light on mineralogical stabilization; a fundamental
process in carbonate diagenesis. In fact, the first observations of limestone microporosity came
from investigations focused on the origin and diagenesis of lime mud (Gee, 1932; Bathurst, 1958;
Bathurst, 1959b; Folk, 1959; Folk, 1965; Folk, 1974).
Microporosity was the focus of a technical session on "Reservoir Diagenesis and the
Evolution of Micro- and Macro-Pore Networks in Carbonate Rocks" at the 1987 SEPM conference
hosted in Austin, Texas. Seven of the papers presented at that conference were published in a 1989
special issue of Sedimentary Geology (edited by C.R. Handford, R.G. Loucks, and S.O. Moshier)
devoted to the topics of limestone microporosity and lime mud diagenesis. The studies included in
this volume (Ahr, 1989; Budd, 1989; Dravis, 1989; Kaldi, 1989; Moshier, 1989a; Moshier, 1989b;
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Perkins, 1989; Saller and Moore, 1989) not only established a number of foundational observations
that still hold true today, they also set the tone for research on this topic for the following three
decades. The major findings in this volume can be summarized as follows: (1) The majority of
limestone microporosity is attributed to micropores hosted between LMC microcrystals (e.g.,
Budd, 1989; Moshier, 1989a); (2) LMC microcrystals occur both in matrix and allochems in a
wide variety of shallow marine limestones (Ahr, 1989; Budd, 1989; Moshier, 1989a); (3) LMC
microcrystals are diagenetic products formed during mineralogical stabilization of metastable
carbonate sediments (Budd, 1989; Moshier, 1989a; Saller and Moore, 1989); (4) Variations in
LMC microtexture are linked to porosity and permeability attributes (Moshier, 1989a). Although
these studies revolutionized how carbonate geologists think about the nature and genesis of
limestone microporosity, they naturally raised a number of important questions: (1) What is the
mineralogy and texture of the precursor sediment? (2) How many different types of LMC
microcrystals exist? (3) What are the depositional and diagenetic conditions that promote
microporosity development? (4) What type of LMC microcrystal result from the process of
mineralogical stabilization? (5) What is the role of the different diagenetic processes, such as
dissolution, compaction, and cementation in modifying the texture of LMC microcrystals?
Since 1989, significant advancements have been made in our understanding of limestone
microporosity, particularly in terms of the questions listed above. Therefore, the current review is
intended to supplement the review by Moshier (1989a), and to discuss new scientific
understanding since publication of the seminal Sedimentary Geology volume. The goal of this
review is to serve as both an entry point for geoscientists and engineers interested in learning about
limestone microporosity, as well as an in-depth reference guide for those looking to learn about
the developments during the past three decades. The review uses as a focal point the concept of a
diagenetic origin of LMC microcrystals that host the majority of micropores. Important
terminology will be discussed followed by a review of precursor sediments in terms of their origin,
mineralogy, and texture prior to diagenetic alteration. To accomplish this objective, the origins of
modern lime mud and carbonate allochems will also be discussed as well as the proposed secular
variations of the dominant carbonate depositional mineralogy throughout the Phanerozoic. An
overview of LMC microcrystals and associated micropores is also provided, with special attention
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given to the various textural classification schemes and the relationship between texture and
petrophysical properties. Lastly, the diagenetic processes responsible for transforming metastable
lime mud and grains into a more stable collection of LMC microcrystals will be discussed.
Definitions and Terminology
As is the case with any subject that has been studied by researchers from a variety of
disciplines, the literature on limestone microporosity is rife with confusing, and sometimes
contradictory terminology. For example, in addition to microporosity and microporous, the terms
chalky, earthy, pinpoint, and intramicrite porosity are commonly used in the petroleum geology
literature to describe limestone rocks exhibiting high porosity but low permeability (Archie, 1952;
Choquette and Pray, 1970; Moshier, 1989a). The term microporosity has also been used to describe
zones with “low resistivity pay” as well as the fraction of porosity associated with pores falling
below the resolution of a standard thin section (Pittman, 1971; Budd, 1989; Cantrell and Hagerty,
1999). Therefore, no set definition exists for microporosity.
Some workers have used pore and pore throat size to define microporosity, though the
definitions of these metrics vary greatly in literature (Fig. 2.4). Pores have been defined as small
as 0.02-2 µm (Loucks and Ulrich, 2015) to as big as 5-62 µm (Al-Awar and Humphrey, 2000).
Similarly, pore throat radii have been defined as small as 0.3 µm (Skalinski and Kenter, 2015) to
as large as 50 µm (Tonietto et al., 2014). The disagreement in definitions has largely resulted from
workers relying on different tools and techniques of investigation, as well as different study
purposes. For example, Archie (1952) used the term “invisible pores” to refer to pores <10 µm in
diameter. In their classification of porosity in carbonate rocks, Choquette and Pray (1970) defined
micropores as pores with <62.5 µm (1/16 mm). Pittman (1971) defined micropores as voids
measuring <1 µm in at least one dimension, whereas Coalson et al. (1985) chose an upper size
limit of 5 µm. Based on fluid flow and reservoir performance, Moshier (1989a) argued that a value
of 62 µm is too high and a value of 5 µm is too low. Moshier (1989a) considered a range of 5-10
µm in diameter for micropores. Most recently, general agreement has been reached that the term
micropore should be used for pores with a diameter <10 µm or those hosted between <10 µm
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microcrystals (Cantrell and Hagerty, 1999; Lønøy, 2006; Deville de Periere et al., 2011; Loucks
et al., 2013; Kaczmarek et al., 2015; Hasiuk et al., 2016).

Figure 2.2 Schematic illustration of the different micropore types in limestones as they appear under light microscope
(A, B, C, and D) and under SEM (E and F). A) Microporous grain characterized by blue haze appearance. The
Micropores are hosted among LMC microcrystals within the grain. B) Microporous matrix characterized by blue haze
appearance, where the micropores are hosted between LMC microcrystals in the matrix. C) Micropores hosted
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between fibrous cement crystals. D) Micropores hosted between equant cement crystals. E) Microvug occurs among
LMC microcrystals. F) Microchannel within matrix.

Figure 2.3 SEM photomicrographs showing various micropore types (illustrated in Fig. 2.2). A) Microporous grain
(an ooid) where micropores are hosted within LMC microcrystals in a Cretaceous-age limestone from Europe. B)
Microporous matrix where micropores are hosted within LMC microcrystals in a Cretaceous-age limestone from
Europe. C) Micropores hosted within equant cement crystals (spar) in a Devonian-age limestone from Canada. D)
Another example of micropores hosted within cement crystals in Jurassic limestone from USA. E) SEM
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photomicrograph showing a microvug within a matrix of LMC microcrystals in a Devonian limestone from Alberta,
Canada. F) SEM photomicrograph of a thin section showing a microchannel within matrix in a Cretaceous-age
limestone from France.

The last source of confusion lies in how microcrystals are defined. Micrite, a contraction
of “microcrystalline calcite” is the term introduced by Folk (1959) to refer to microcrystalline ooze
(i.e., lime mud) ranging between 1–4 µm. Folk (1959) intended to the term micrite to provide a
quantitative term to describe rocks that consist almost entirely of microcrystalline calcite as seen
under the petrographic microscope, and to replace older terms such as calcilutite (Grabau, 1904)
and lithographic limestone, which were loosely used to refer to microcrystalline calcite. However,
Folk (1959, 1962) stated that the presence of micrite indicates a low energy depositional
environment. Therefore, the term micrite also has a genetic meaning, in addition to a descriptive
one. Micrite was subsequently redefined by Leighton and Pendexter (1962) to include consolidated
mud and unconsolidated ooze of either chemical or mechanical origin measuring less than 30 µm.
The upper size limit of micrite (i.e. lime mud), has been modified several times. For example,
Dunham (1962) proposed using 20 µm and Elf-Aquitaine (1975) proposed using 10 µm as upper
size limits for micrite. Bathurst (1964) also used the term micrite to refer to microcrystalline
aragonite. Bathurst (1966) described the formation of a micrite envelope through the process of
micritization. These envelopes consist of aragonite cement and imply no information about the
depositional environment (Milliman et al., 1985). Consequently, for most authors, micrite is used
as a descriptive, non-genetic term to refer to micrometer-sized carbonate particles. Microspar,
another term introduced by (Folk 1959), refers to LMC crystals (5-15 µm) that form via
recrystallization (aggrading neomorphism) of micrite. Although important in a historical context,
the terms micrite and microspar, have become increasingly confusing and equivocal. To avoid
further confusion, these terms will be used only when necessary. Instead, the term “microcrystal”
will be used herein to refer to micrometer-size carbonate crystals measuring ≤10 µm consistent
with the global study of microporous limestone reservoirs by Kaczmarek et al. (2015).
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Precursor Sediments
The prevailing interpretation is that the vast majority of limestone microporosity is
associated with diagenetically altered matrix and allochems (Fig. 2.5). To provide the reader with
a fuller appreciation for the mineralogical, textural, and geochemical alterations that are inferred
to have taken place during the diagenetic transformation from carbonate sediments to ancient
limestones, the following discussion is provided. The purpose of the discussion is to examine the
origin of these sediments and to fully characterize modern sediments from the perspective of their
origin, mineralogy, texture, and geochemistry. Deep marine chalks will be discussed separately in
section 6, because they follow a distinct diagenetic pathway compared to shallow marine
sediments (Scholle, 1977; Fabricius, 2007).

Figure 2.4 The various micropore definitions in literature. The horizontal axis is a logarithmic scale representing pore
or pore-throat diameter in micrometers, and the arrows refers to the upper size limit used by different authors.

Lime Mud
Lime mud in modern carbonate environments includes a heterogeneous assortment of fine
sediments mainly composed of metastable carbonate minerals (aragonite and high-Mg calcite
(HMC)). These sediments are produced through physical, chemical, and biological processes, and
are characterized by a wide variety of textures. Lime muds have been historically classified into
two broad genetic classes, automicrite (i.e. autochthonous micrite), which is formed in situ, and
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allomicrite (i.e. allochthonous micrite), which is formed elsewhere and is transported to the site of
deposition (Flügel, 2013). These classes should not be confused with diagenetic micrite, which is
also referred to as psuedomicrite (Flügel, 2013). The source, mineralogy, textures, and
petrophysical properties of lime mud are discussed below.

Figure 2.5 Thin section and SEM photomicrographs of a Cretaceous-age limestone reservoir from the Middle East
showing the major type of micropores in limestones that is hosted within LMC microcrystals at different scales. A)
Thin section photomicrograph of a microporous mud-dominated limestone. B & C) SEM photomicrographs at
different magnification of the sample shown in A, illustrating the microporosity-hosting LMC microcrystals. D) Thin
section photomicrograph of a microporous grain-dominated limestone from the same reservoir as in A. E & F) SEM
photomicrographs at different magnification of the sample shown in D, illustrating that grains are also characterized
by similar LMC microcrystals that host micropores. Modified after Kaczmarek et al. (2015).

Source of lime mud
Lime mud forms in marine and non-marine environments across various settings and
conditions, and is a major constituent of recent and ancient carbonate sediments (Matthews, 1966;
Flügel, 2013). It has been postulated that lime mud originates from several organic and inorganic
processes. The degree to which these processes contribute to the overall volume of sediment, as
well as the origin and composition of lime mud constituents, have been debated for more than a
century (Vaughan, 1917; Lowenstam, 1963; Bathurst, 1975; Steinen et al., 1988; Shinn et al., 1989;
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Milliman et al., 1993; Turpin et al., 2008; Turpin et al., 2011; Turpin et al., 2014; Purkis et al.,
2017; Trower et al., 2019). Initially, most workers considered carbonate mud as “chemical”
sediments that precipitate directly from sea water (e.g., Vaughan, 1917; Smith, 1940; Newell,
1955; Cloud et al., 1962). Vaughan (1917) suggested that chemical precipitation is possible based
on the observation that ocean water is supersaturated with respect to various carbonate mineral
phases, as well as the understanding that a number of organic and inorganic factors, such as
bacterial activity, increased concentration due to evaporation, and elevated temperature, help
facilitate precipitation. Later experimental work by Gee (1932) supported the chemical
precipitation hypothesis by demonstrating that aragonite needles could precipitate inorganically
from artificial sea water. The inorganic model was subsequently challenged by a series of studies
that showed the range of oxygen and carbon isotopic measurements from aragonite needles in the
Bahamas were similar to those measured in codiacean algae (Halimeda and Penicillus), oolites,
and grapestones (Lowenstam, 1955; Lowenstam and Epstein, 1957; Lowenstam, 1963).
Lowenstam (1955) reported that the abundance of aragonite needle-producing algae was similar
to muddy sediments comprised of aragonite needles in several modern carbonate environments.
Based on the similarity between the production rate of mud-secreting organisms and rate of mud
accumulation, an organic origin was postulated for lime mud in Florida (Stockman et al., 1967),
in Discovery Bay, Jamaica (Land, 1970), and in the bight of Abaco (Neumann and Land, 1975).
A number of authors, however, argued against the algal source model based on the observation
that algal populations were insufficient to account for the vast mud accumulations in the Bahamas
(Newell and Rigby, 1957; Cloud et al., 1962; Queen, 1977; Steinen et al., 1988; Shinn et al., 1989).
The algal model has also been challenged based on geochemical and textural evidence.
Milliman (1974), for example, documented that the Sr content of aragonite produced by green
algae ranges 0.8-0.9% in contrast to the 0.95-1.0% observed in inorganically precipitated aragonite
in ooids, grapestones, and pellets. These data suggested to Milliman (1974) that the inorganic
component of the lime mud in the Bahamas was a larger contributor to the bulk mud fraction than
the algal component. Scanning electron microscope (SEM) observations presented by Loreau
(1982) showed that approximately 60-75% of the aragonite produced by codiacean algae is in the
form of equidimensional nanograins and ~25-40% are short aragonite needles. Both forms,
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importantly, are fundamentally different from the longer aragonite needles that are observed in the
lime mud of the Bahamas (Milliman et al., 1993; Gischler et al., 2013).
Patches of suspended lime mud called “whitings” have also been implicated as a source of
modern carbonate mud. Some evidence suggests that whitings represent intermittent occurrences
of in situ abiotic (Cloud et al., 1962; Shinn et al., 1989; Milliman et al., 1993; Purkis et al., 2017),
or biotic (Robbins and Blackwelder,1992; Riding, 1993; Yates and Robbins, 1998) aragonite
precipitation from seawater. Other evidence, however, suggests that whitings are re-suspended
bottom sediments caused by agitation of the water (Broecker and Takahashi, 1966; Boss and
Neumann, 1993; Dierssen et al., 2009). Published geochemical data are more consistent with the
suspension hypothesis (Broecker and Takahashi, 1966; Morse et al., 1984; Shinn et al., 1989;
Morse and Mackenzie, 1990; Morse et al., 2003; Bustos-Serrano et al., 2009). Morse et al. (1984),
for example, cited the observed similarities in various chemical parameters such as pH, total
alkalinity, and total CO2 measured in water within and adjacent to whitings to argue against direct
precipitation from seawater. He reasoned that direct precipitation should result in observable
changes in water chemistry, especially a reduction in the total alkalinity value. Shinn et al. (1989)
showed that the oxygen isotopic composition of suspended sediments in whitings were not in
equilibrium with the surrounding waters from which they are assumed to precipitate, suggesting
that the sediments associated with whitings were re-suspended bottom sediments. Shinn et al.
(1989) also compared δ14C from sediments in whitings with those from modern coral and bottom
sediments. Sediments in whitings values range between -60 to +23‰, modern coral measured
+111 to +149‰, and bottom sediments measured -31‰. Accordingly, Shinn et al. (1989)
suggested mixing occurred between old and new carbon sources.
Numerous authors have pointed out that the major deficiency of the sediment suspension
model is that it lacks a robust mechanism to explain how bottom sediments become suspended
(e.g., Shinn et al., 1989; Larson and Mylroie, 2014). Initially, sediment suspension was postulated
to occur via agitation by bottom feeding fish. Despite employing numerous techniques, such as
side-scan sonar, fathometer imaging, shrimp trawls, rotenone, remote video, and direct scuba
observations, Shinn et al. (1989) concluded that there is no relationship between fish and whitings,
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an observation also made earlier by Cloud et al. (1962) and Gebelein (1974). Shinn et al. (1989)
also observed that whitings occur equally over rocky, sandy, and muddy substrates suggesting resuspension was unlikely.
Shinn et al. (1989) compared bottom sediments with those suspended in whitings in the
Bahamas and found subtle differences in mineralogy and texture. On average, bottom sediments
were composed of 91% aragonite, 8% HMC, and 1% LMC, whereas suspended sediments were
composed of 86% aragonite, 12% HMC, 2% LMC, and trace amounts of inorganic non-carbonate
material (Shinn et al., 1989). Bottom sediments were characterized as rectangular to hexagonal
aragonite needles with partially rounded crystal terminations and measuring 0.25 µm by 2-3 µm.
Also observed within the bottom sediments were agglutinated grains composed of bundles of
similarly oriented aragonite needles. In contrast, suspended sediments consisted of randomly
oriented aggregates of aragonite needles, and single aragonite needles some of which exhibited
blunt crystal terminations (Shinn et al., 1989). Macintyre and Reid (1992) reported that crystal
morphologies in sediments suspended in whitings were similar to Bahamian bottom sediments,
although both were morphologically distinct from those associated with algae. Whitings and
bottom sediments were characterized by pointed ends and poorly developed crystal faces, whereas
algal needles were generally blunt ended with well-developed crystal faces (Macintyre and Reid,
1992). Based on these morphological observations, Macintyre and Reid (1992) suggested that
Bahamian bottom sediments and those suspended in the whitings near Andros Island were not of
algal origin.
The direct precipitation model has been strengthened by a wide range of geochemical
evidence. Robbins and Blackwelder (1992) observed that various organic compounds, such as
protein and amino acids, analyzed from suspended sediments in whitings were different from those
in bottom and algal sediments. Some of these organic materials were found to be associated with
planktonic algae. Robbins and Blackwelder (1992) proposed a model of biologically induced
precipitation whereby planktonic algae facilitate precipitation of aragonite by providing nucleation
sites and via CO2 removal by their photosynthesis. A biological origin for whitings was argued
against by Friedman (1993), who suggested that, although Bahamian whitings might be biological
25

in origin, whitings elsewhere are not. Unlike the Bahamas, whitings in the Dead Sea occur only
once every few years, and coincided with annual temperature maxima (Neev, 1963). Morse et al.
(2003) later argued that aragonite precipitation via planktonic algae catalysis is incapable of
explaining why whitings are rare occurrences because planktonic algae are ubiquitous in the
oceans. Boss and Neumann (1993) analyzed satellite images of the Bahamas and demonstrated
that the distribution of whitings is not random, but rather more concentrated in areas where
hydrodynamic energy was higher and lime mud bottom sediments were more abundant. These
observations led them to propose a mechanism by which bottom sediments were re-suspended by
turbulent bottom currents. Based on a correlation between the distribution of whitings and
hydrodynamic movements of water as observed from satellite imagery and hydrodynamic
modeling, Purkis et al. (2017) recently hypothesized that Florida currents facilitate inorganic
aragonite precipitation by bringing fresh, CaCO3-rich off bank waters onto the platform top.
Some authors have suggested that sediments in whitings represent a combination of
directly precipitated and re-suspended bottom sediments (Shinn et al., 1989; Morse and
Mackenzie, 1990; Morse et al., 2003; Bustos-Serrano et al., 2009). This model reconciles the
textural and mineralogical observations that support the direct precipitation model and
geochemical data that suggest a source of sediments other than direct precipitation. Shinn et al.
(1989) proposed that one type of whitings occur after regional storms redistribute agitated bottom
sediments, whereas a second type has been proposed to occur locally and represent direct
precipitation from sea water. Morse and Mackenzie (1990) and Morse et al. (2003) proposed that
re-suspended sediments act as nucleation sites for CaCO3 precipitation. This model, which they
called “The Hip-Hop’n model”, explains geochemical data including the similarities in C14/C12
between bottom sediments and whiting sediments, as well as the faster rate of CaCO 3 removal
from seawater in whitings area compared to areas where whitings are absent (Broecker and
Takahashi, 1966; Morse et al., 1984; Morse et al., 2003). On the basis of similar geochemical
observations (pH, total alkalinity, total CO2, and CaCO3 removal from seawater), Bustos-Serrano
et al. (2009) proposed a similar mechanism whereby CaCO3 precipitation occurs on re-suspended
sediments to explain whitings in Little Bahama Bank.
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The genetic origin of whitings is still debated (e.g., Perkins et al., 2017). According to the
direct precipitation model, sediments in whitings may be considered autochthonous.
Autochthonous lime mud may also form in microbialites (Burne and Moore, 1987; Reitner, 1993;
Perri et al., 2017). Microbialite is a term introduced by Burne and Moore (1987) to describe
“organosedimentary deposits formed from interaction between benthic microbial communities and
detrital or chemical sediments.” The exact mechanism by which biological carbonate precipitation
occurs is poorly understood (Perri et al., 2018), but one form of precipitation is attributed to
macromolecules that bind cations such as Ca2+ and Mg2+ (Reitner, 1993; Reitner et al., 2000; Perri
et al., 2018). Autochthonous mud may also be produced through the biological activities and
metabolic processes of bacteria, cyanobacteria, algae, fungi (Burne and Moore, 1987; Flügel,
2013), and possibly viruses (Perri et al., 2018). In this case, biological precipitation is linked to
photosynthesis and bacterial activities that mediate the chemistry of the surrounding fluids (e.g.,
remove CO2) and thus facilitate CaCO3 precipitation (Flügel, 2013). Biological precipitation of
carbonates has been categorized into three broad classes: microbial metabolism, cell surface
reaction, and physical microbial presence (see review by Kaczmarek et al., 2017).
Although the contribution of biological autochthonous mud to the sediment budget has not
been quantitatively documented (Riding, 1993), it has been postulated that cyanobacterial-induced
mud was a larger portion of the sedimentary budget during the Precambrian, prior to the evolution
of eukaryotes (Golubic et al., 2000). Because a wide range of eukaryotic organisms deplete ocean
water of CaCO3, and prior to their evolution, Precambrian oceans were likely more saturated with
respect to the various carbonate minerals, and “much closer to a state of spontaneous carbonate
precipitation” as stated by Golubic et al. (2000). Textural criteria for distinguishing autochthonous
carbonate mud include biolaminated structures, clotted peloidal fabrics, and/or cryptocrystalline
textures (Flügel, 2013). That being said, biologically mediated autochthonous mud is likely to
disintegrate and disperse (Golubic et al., 2000), in which case, the origin of sediments is more
challenging to interpret.
Production of lime mud via abrasion of sand-size allochems was a model originally
proposed by Sorby (1879), and recently tested by Trower et al. (2019) using physical abrasion
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experiments. They observed that the abrasion of ooids produced mud composed of 1-2 µm needles,
whereas skeletal grains produced a more heterogenous assortment of needles and nanograins.
Morphologically, mud produced from ooids and skeletal grains was similar to natural lime mud.
Accordingly, Trower et al. (2019) argued that abrasion could be an important mechanism for mud
production. They further suggested that this mechanism could compensate for the lower rates of
inorganic and organic production, particularly in the Precambrian prior to the evolution of
carbonate producing eukaryotes. One limitation of this conclusion, however, is that inorganic and
organic production of sand-sized material is still required in this model.
Although most studies of lime mud production have focused on the Caribbean and Florida
(Gischler et al., 2013; Table 2.1), the process has also been investigated in Hawaii (e.g., Thorp,
1936), the Dead Sea (Neev, 1963), Persian Gulf (Wells and Illing, 1964), Red Sea (Ellis and
Milliman, 1985), French Polynesia (Debenay et al., 1999), the Maldives (Gischler et al., 2013) and
Great Barrier Reef (Gischler et al., 2013). Based on the morphology, δ13C, and Sr, Gischler et al.
(2013) suggested that the majority of the lime mud was biogenic and was derived from breakdown
of skeletal grains and the disintegration of codiacean algae. This agrees in general with many other
studies that also concluded a biological source of lime mud in shallow marine, tropical settings
(e.g., Andrews et al., 1997; Debenay et al., 1999; Gischler and Zingeler, 2002; Perry et al, 2011;
Salter et al. 2012; Flügel, 2013). The origins of lime mud in temperate (cool water) environments
has received less attention. In one study, O’Connell and James (2015) investigated Spencer Gulf,
South Australia, a temperate, shallow water marine environment. Using SEM, O’Connell and
James (2015) showed that the majority of the silt-size sediments (4-63 µm) were comprised of the
skeletal remains of benthic organisms such as bivalves, foraminifer, ascidian spicules,
echinoderms, and rhodoliths. Clay-size particles (<4 µm) were mainly composed of sheets, blades,
and needles of aragonite, LMC, and HMC, but were still interpreted to form through the physical
and chemical breakdown of skeletal material via maceration, which refers to disintegration of
skeletons into their microscopic structural elements (sensu, Alexandersson, 1979). This
interpretation was based on the observation that the microscopic structural elements of the
skeletons were also characterized by sheets, blades, and needles (O’Connell and James, 2015).
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Mineralogy of lime mud
Modern case studies have demonstrated that lime mud is composed of metastable aragonite
and HMC, as well as LMC to a lesser extent (Friedman, 1964; Bathurst, 1975). The relative
abundances of these minerals vary by geographic location. For example, the Bahamas tends to be
dominated by aragonite (Cloud et al., 1962; Husseini and Matthews, 1972; Milliman, 1974),
whereas lime muds in Red Sea, as well as Shark Bay, Australia, and along the northeastern coast
of Yucatan, Mexico are dominated by HMC (Logan and Cebulski, 1970; Milliman and Müller,
1973). Matthews (1966) reported that lime mud from Honduras is composed of 49% aragonite,
44% HMC, and 7% LMC. Steinen (1978) estimated the mineralogy of modern, tropical, shallowwater lime muds in Barbados to be 60-95 % aragonite, 5-40 % HMC, and 0-10 % LMC. O’Connell
and James (2015) found that, in the modern, temperate, shallow-water environment of Spencer
Gulf in Australia, the fine sediments are composed of 23-31% aragonite, 17-40% LMC, and 2952% HMC. Gischler et al. (2013) calculated a global average for mineralogical composition of
modern lime mud as 82.5% aragonite, 12.6% HMC, and 3.7% LMC based on data from Belize,
Bahamas, Florida, the Maldives, French Polynesia, and Great Barrier Reef. These authors also
observed that mineralogical composition of lime mud differs by geographic location. In the Great
Barrier Reef, offshore Australia and the Maldives, for example, lime mud is characterized by
elevated HMC content (up to 25%), whereas in the Bahamas HMC is 2.3% only. In all the six
locations examined, aragonite is the dominant mineralogy. Figure 2.6 illustrates mineralogical
differences between modern lime mud from U.S. Virgin Islands, which is dominated by aragonite,
and ancient limestones, which are dominated by LMC.
Some studies reported bulk mineralogical data for lime mud for all particles <62.5 µm (e.g.,
Logan et al., 1970; Husseini and Matthews, 1972; Milliman and Müller, 1973; Milliman, 1974),
whereas others split the mud into multiple fractions (e.g., Pilkey, 1964; Reid et al., 1992; Andrews
et al., 1997; Gischler and Zingeler, 2002; Gischler et al., 2013). Only a few studies (e.g., Pilkey,
1964; Reid et al., 1992; Andrews et al., 1997; Gischler and Zingeler, 2002) report mineralogical
data for small size fractions (<10 or <4 µm), primarily because it is more difficult to isolate fine
particles in quantities large enough to accurately determine mineralogy. This is important because
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mineralogical composition has been observed to vary with crystal size. According to Hoffmann
(1983) and Andrews et al. (1997), aragonite content increases in the smaller size fraction, whereas
Matthews (1966) reported the same to be true of HMC. Despite a wide range of materials and
locations studies, the order of decreasing relative abundance in modern carbonate muds appears to
be aragonite, HMC, and LMC.

Figure 2.6 XRD diffractograms of modern lime mud from U.S. Virgin Islands (blue) and microcrystals in matrix of
Cretaceous-age limestone from Middle East (red). The modern carbonate mud is composed of 95.2% aragonite, 4.07%
HMC, and 0.73% LMC, whereas the microcrystals in the ancient limestone are composed of ~100% LMC.

Texture of lime mud
Investigating the textural attributes of lime mud has been challenging due to the small
particle size (Bathurst, 1975). Initially, crystal size and shape were described using a binocular
microscope (e.g., Gee, 1932; Wood, 1941). The advent of the SEM in the 1940’s allowed for more
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detailed characterization. Many authors have described the textural characteristics of carbonate
muds from modern depositional environments (e.g., Folk, 1965; Matthew, 1966; Loreau, 1982;
Macintyre and Reid, 1992; Reid and Macintyre, 1998; Gischler and Zingeler, 2002; Gischler et
al., 2013). Folk (1965) reported crystal sizes for various synthetic and natural lime mud samples
from earlier studies (e.g., Gee, 1932; Cloud et al., 1962; Newell and Rigby, 1957; Hathaway and
Robertson, 1961; Hoskin, 1963). Folk (1965) showed that these muds were composed of elongated
aragonite needles measuring 0.1–0.8 by 0.5–4 µm. A subsequent study by Matthews (1966)
described lime mud from Honduras as a collection of randomly oriented granular to irregular
crystals measuring <4 µm. More recently, Gischler et al. (2013) described lime muds from various
modern environments around the world. They observed that the grain-size fraction <4 µm is
dominated by various grain morphologies such as needles, nanograins, and platelet of coccoliths.
Aragonite needles were found to be either short needles (2-4 µm) with irregular crystal faces and
pointed ends, or longer (up to 10 µm) needles with regular, six-sided crystal faces (Gischler et al.,
2013). Nanograins are <1 µm equidimensional but anhedral (Gischler et al., 2013). Lime mud
constituents vary in morphology and abundance from one location to another (Lasemi and
Sandberg, 1993; Gischler et al., 2013). Figure 2.7 illustrates the various textures exhibited by lime
muds from different modern environments. These observations on lime mud textures from modern
environments highlight the stark differences with textures exhibited by lime muds in ancient
limestones (compare Fig. 2.7 and 2.9).
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Figure 2.7 SEM photomicrographs of carbonate mud from different modern environments showing the variability in
mineralogy and texture. A) Lime mud composed mainly of aragonite needles from the Bahamas. B) Aragonite and
HMC lime mud from Florida. C) Lime mud composed of HMC nanograins from the Bahamas. D) HMC cement with
some detrital aragonite from coral reef in Florida. Modified after Lasemi and Sandberg (1993).

Petrophysical properties
Lime muds are observed to have high porosities and low permeabilities (Bathurst, 1975;
Enos and Sawatsky, 1981; Kominz et al., 2011; Flügel, 2013). In Holocene carbonate sediments
from Florida and the Bahamas, Enos and Sawatsky (1981) reported that the muddiest sediments,
which they defined as very fine grained wackestones, are characterized by the highest porosities
(70.5%) but the lowest permeabilities (0.87 md) among sediments exhibiting a range of
depositional textures, which they described as grainstone, packstone, and wackestone. Similar
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porosity and permeability ranges have been observed for lime mud from Ocean Drilling Program
(ODP) data (Kominz et al., 2011).
Carbonate Grains
Carbonate grains are classified on the basis of their origin (Bathurst, 1975; Flügel, 2013).
Skeletal carbonate grains are skeletons or skeletal fragments of carbonate-secreting organisms
(Flügel, 2013). Non-skeletal carbonate grains include coated grains, peloids, grain aggregates, and
clasts (Folk, 1959; Bathurst, 1975; Tucker, 2009). Grains respond differently to diagenesis and
microporosity development based on their mineralogy and microtexture (Budd, 1989; Budd, 1992;
Cantrell and Hagerty, 1999). Therefore, the mineralogy and microstructure of carbonate grains
will be discussed.
Mineralogy of carbonate grains
Marine exoskeletons are most commonly comprised of the carbonate minerals aragonite,
LMC, and HMC (Lowenstam and Weiner, 1989). Phosphates, silica, and iron oxides are also
common, and they follow carbonate minerals in abundance (Lowenstam and Weiner, 1989). Some
organisms form monomineralic skeletons (e.g., scleractinian coral), whereas others can be
polymineralic (e.g., foraminifera). Figure 2.8 is a summary of most common carbonate-producing
organisms and their corresponding mineralogy. Modern non-skeletal allochems, such as ooids,
also exhibit a variety of mineral compositions. In marine settings and saline lakes, ooids are mostly
aragonite (Kahle, 1974; Sandberg, 1975), but HMC ooids also exist. Land et al. (1979), for
example, reported Holocene HMC ooids from Baffin Bay, Texas. LMC ooids, in contrast, tend to
occur more commonly in lakes, streams, caves, and calcareous soils (Geno and Chafetz, 1982).
Pisoids have been reported to be both aragonite and HMC (Scholle and Kinsman, 1974; Ferguson
and Ibe, 1982). Non-marine pisoids tend to be LMC (Chafetz and Butler, 1980). The mineralogy
of peloids, grain aggregates, and intraclasts commonly reflects the composition of the materials
they are made from (Flügel, 2013).
Microstructure of carbonate grains
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Microstructure refers to the internal texture of carbonate allochems (Horowitz and Potter, 2012),
which has been investigated using a variety of methods, including standard thin section
petrography (e.g., Horowitz and Potter, 2012) and SEM (e.g., Flügel, 2013; Gannon et al., 2017).
Most of what we know about the skeletal microstructures of carbonate- producing organisms
comes from descriptions of modern fauna that have not been affected by diagenesis yet (e.g.,
Bathurst, 1975; Budd and Hiatt, 1993; Flügel, 2013; Gannon et al., 2017). Although they are easily
altered by diagenesis (Stearn et al., 1999), the primary skeletal microstructures in some wellpreserved ancient carbonates have been documented (e.g., Wendt, 1990; Roniewicz, 1996;
Stanley, 2003). Still, the nature of microstructure is highly debated. For example, more than 14
distinct wall microstructures have been reported in Paleozoic stromatoporoids (Stearn et al., 1999),
leading to general uncertainty about which types are primary and which are diagenetic (Horowitz
and Potter, 2012).
The internal microstructure of non-skeletal carbonate allochems has also been described in
detail by various authors (Bathurst, 1975; Sandberg, 1975; Simone, 1980; Flügel, 2013) and will
be reviewed only briefly here for context. Concentric ooids consist of tangentially arranged
needles, or concentric layers of nano-grains (Loreau and Purser, 1973; Sandberg, 1975; Simone,
1980). Radial ooids, in contrast, consist of radial crystals arranged perpendicular to the surface
(Simone, 1980; Tucker, 2009; Flügel, 2013). Superficial ooids consist of a single cortex around a
central nucleus (Tucker, 2009). Evidence suggests that ooid microstructure is controlled by
environmental conditions as well as original mineralogy (Rusnak, 1960; Simone, 1980; Flügel,
2013). For example, tangential ooids are often aragonite, whereas radial-fibrous ooids can be either
HMC or aragonite (Flügel, 2013). Pisoids generally exhibit tangential or radial internal
microstructures, similar to ooids, but are characterized by more closely spaced laminae (Flügel,
2013). Peloids, by definition, lack internal structure, and are composed of microcrystalline material
(Tucker, 2009).
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Figure 2.8 Primary skeletal mineralogy of some common organisms in carbonates. Black circles refer to the dominant
mineralogy, whereas less common mineralogy is indicated by open circles. Modified after (Flügel, 2013).

A number of microstructure types for carbonate allochems have been identified. Flügel
(2013), for example, categorized the internal microstructure of modern allochems into ten major
types based on crystal size, morphology, and orientation. Four different microstructures from
various organisms are presented in Figure 2.9. It can be observed that the green algae Halimeda
Incrassata has a microstructure characterized by randomly oriented needles and equant crystals
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(Fig. 2.9A), whereas the internal microstructure of Tridacna gigas mollusk is composed of shieldlike aragonite crystals (Fig. 2.9B). For detailed descriptions of the most common skeletal
microstructures, the reader is referred to reviews by Horowitz and Potter (2012), Majewske (1974),
Carter (1990), and Flügel (2013).
Microporosity and Microcrystals in Ancient Limestones
Dozens of limestone reservoir studies spanning the Ordovician to the Quaternary, and from
all around the world, have documented the occurrence of limestone micropores in rocks
representing various depositional environments and burial depths (Table 2.1). Micropores have
been observed both in marine limestones (e.g., Budd, 1989; Perkins, 1989; Holail and Lohmann,
1994; Al-Aasm and Azmy, 1996; Neilson et al., 1998; Loucks et al., 2013), as well as in lacustrine
limestones (e.g., Wright et al., 1997; Arribas et al., 2004; Volery et al., 2010a). The most common
form of microporosity in ancient limestones is attributed to the micropores hosted between LMC
microcrystals (Moshier, 1989a; Cantrell and Hagerty, 1999; Kaczmarek et al., 2015). As such, the
remainder of this review will focus on this particular type of microporosity. LMC microcrystals
occur in what is identified petrographically as matrix, and in association with most carbonate
allochems (Moshier, 1989a; Cantrell and Hagerty, 1999; Kaczmarek et al., 2015). Accurate
characterization of LMC microcrystals has proven important because the morphology (size, shape)
and arrangement (orientation, organization) of these microcrystals dictate the geometry of the
associated pore spaces, and thus the petrophysical properties of the rock (Deville de Periere et al.,
2011; Kaczmarek et al., 2015).
Various methods have been employed to study LMC microcrystals and the associated
micropores. High porosity - low permeability intervals detected on wireline logs have long been
interpreted to indicate the presence of microporosity (Pittman, 1971; Cantrell and Hagerty, 1999;
Clerke et al., 2008). Early characterization studies utilized plane light microscopy methods to
investigate LMC microcrystals and micropores (e.g., Gee, 1932; Bathurst, 1959b; Folk, 1959;
Jodry, 1972). Carbonate petrologists routinely use the presence of the “blue haze” in standard blue
epoxy-impregnated petrographic thin sections to infer the presence of abundant micropores (Fig.
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2.1) (Saller and Moore, 1989; Jameson, 1994; Cantrell and Hagerty, 1999). Because most
petrographic microscopes are incapable of resolving the µm-size particles (Pittman, 1971; Lasemi
and Sandberg, 1983; Flügel, 2013), carbonate petrologists now routinely apply more advanced
imaging techniques. SEM, for instance, in combination with other analytical tools, such as TEM,
AFM, porosimetry, and MICP has allowed micropores to be more precisely characterized in terms
of pore size, pore-throat size, shape, and connectivity (e.g., Flügel et al., 1968; Pittman, 1971;
Longman and Mench, 1978; Lambert et al., 2006, Clerke et al., 2008; Deville de Periere et al.,
2011; Milliken and Curtis, 2016). Pore casts techniques have also been used to characterize the
geometry and distribution of micropores (e.g., Pittman, 1971; Budd, 1989; Moshier, 1989a;
Cantrell and Hagerty, 1999).

Figure 2.9 SEM photomicrographs showing microstructure of some organisms. A) Halimeda incrassata (green algae)
with microstructure characterized by randomly oriented needles and equant crystals. Modified after Lowenstam and
Weiner (1989). B) Microstructure of Tridacna gigas (Mollusk) composed of shield-like aragonite crystals. Modified
after Gannon et al. (2017). C) Test of the sea urchin Paracentrotus Lividus (echinoderm). Modified after Scholle and
Ulmer-Scholle (2003). D) SEM photomicrograph an acid etched section of aragonitic ooid showing the tangentially
oriented and randomly distributed aragonite needles. Modified after Scholle and Ulmer-Scholle (2003).

37

Description of LMC Microcrystals
LMC microcrystals are described based on various physical attributes, such as size,
morphology, and type of boundaries between crystals. In fact, these attributes have been used to
classify LMC microcrystals into various textural classes (e.g., Moshier 1989a; Lambert et al.,
2006; Clerke et al., 2008; Deville de Periere et al., 2011; Kaczmarek et al., 2015). Crystal size
distribution data show that LMC crystal diameters generally range between 1 and 10 µm (e.g.,
Pittman, 1971; Longman and Mench, 1978; Budd, 1989; Kaldi, 1989; Loucks et al., 2013;
Kaczmarek et al., 2015). Based on data from a global study of 12 microporous limestone reservoirs
spanning Devonian to Paleogene in age, Kaczmarek et al. (2015) reported that 99% of LMC
microcrystals measure 0.5-9 µm with a mode of ~2.0 µm. Data published by Folk (1965), Flügel
et al. (1968), Loreau (1972); Folk (1974), Kaldi (1989), Lasemi and Sandberg (1993), Cantrell and
Hagerty (1999), Lambert et al. (2006), Richard et al. (2007), Munnecke et al. (2008), Volery et al.
(2009), Deville de Periere et al. (2011) and Loucks et al. (2013) are generally consistent with this
range.
Despite the narrow range in LMC microcrystal sizes, a broad range of morphologies is
observed. A variety of terms have been used to describe crystal morphology including euhedral,
subhedral, anhedral, rhombic, scalenohedral and rounded. Euhedral refers to crystals with welldefined crystal faces, subhedral refers to crystals with moderately defined faces, and anhedral
refers to crystals with poorly defined faces (Friedman, 1965). Terms such as idiotopic,
hypidiotopic, and xenotopic are also used to describe fabrics in which the majority of crystals are
euhedral, subhedral, and anhedral, respectively (Friedman, 1965). Euhedral crystals have also been
referred to as rhombic (e.g., Ahr, 1989), and subhedral crystals have been referred to as polyhedral
(e.g., Pittman, 1971; Dravis, 1989), and rounded (e.g., Lambert et al., 2006). LMC microcrystals
are commonly equidimensional, meaning that their X-Y-Z dimensions are relatively similar.
However, elongated crystals, which are referred to as scalenohedral have also been reported (e.g.,
Longman and Mench, 1978; Saller and Moore, 1989; Deville de Periere et al., 2011).
Textural Classifications
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Numerous studies have used the physical attributes of LMC microcrystals as the basis for
classification (e.g., Moshier, 1989a; Lambert et al., 2006; Deville de Periere et al., 2011;
Kaczmarek et al., 2015). Moshier (1989a) recognized two major textural classes: a porous
framework texture characterized by euhedral crystals with clearly distinguished crystal boundaries,
and a non-porous mosaic texture characterized by anhedral crystals with curvilinear or straight
crystal boundaries. In their investigation of Mesozoic carbonate reservoirs in the Middle East,
Lambert et al. (2006) distinguished three main textural classes: rounded, micro-rhombic, and
compact anhedral. Deville de Periere et al. (2011) used the type of crystal contacts to classify LMC
microcrystals into two major textural classes: porous textures defined by point or partially
coalescent contacts, and tight textures defined by fully coalescent or fused contacts. Porous
textures were further classified based on crystal morphology into rounded, subrounded, scalenorhombohedral, and polyhedral, whereas tight textures were divided into anhedral compact and
fused (Deville de Periere et al., 2011). Most recently, Kaczmarek et al. (2015) proposed a
classification that was based on a broad study of 12 microporous limestone reservoirs that span a
wide range of basins, geological ages, burial depths, and depositional environments. Kaczmarek
et al. (2015) proposed three major textural classes - granular, clustered, and fitted - which were
identified based on qualitative and quantitative descriptions of individual microcrystals in terms
of shape and orientation, and description of intercrystalline boundaries in terms of edge density,
edge length, and geometry. Granular texture was described as a loose framework of randomly
oriented LMC microcrystals. The clustered texture was characterized by rough and lumpy crystals
with irregular contacts. The fitted texture was described as a compact mosaic of LMC
microcrystals with interlocking boundaries. Subclasses were also proposed to account for observed
variations within each class. The granular texture, for example, was subdivided into granular
euhedral and granular subhedral based on the morphology of individual crystals in the limestone.
Figure 2.10 summarizes the various LMC microcrystal textural classifications.
The aforementioned microcrystal classes account for the vast majority of LMC
microcrystals observed in ancient limestones (Kaczmarek et al., 2015), yet additional textures have
been reported (Kaldi, 1989; Al-Aasm and Azmy, 1996). For example, “incipient and immature”
textures were observed in stromatoporoids in Kee Scarp, Canada, where euhedral LMC
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microcrystals are arranged in a uniform manner with consistent 60° and 120° angles between
crystals (Fig. 2.11) (Kaldi, 1989; Al-Aasm and Azmy, 1996).
Petrophysical Properties
Micropores can constitute the sole pore type in a rock (e.g., Loucks et al., 2013), but more
often coexist with other macro pore types (e.g., Cox et al., 2010). In microporous limestones, where
nearly all the porosity is attributed to micropores, porosities range from 2 to 35% and
permeabilities range from <0.01 to >100 mD (Ahr, 1989; Budd, 1989; Moshier, 1989a; Moshier,
1989b; Perkins, 1989; Al-Aasm and Azmy, 1996; Lambert et al., 2006; Deville de Periere et al.,
2011).
In grain-dominated carbonates, grain size has been shown to exert the dominant control on
petrophysical properties (Lucia, 1995; Melim et al., 2001; Moore and Wade, 2013). In
microporous carbonates, however, petrophysical properties are controlled not only by crystal size,
but also by the morphology of crystals (e.g., Moshier, 1989a; Lambert et al., 2006; Deville de
Periere et al., 2011; Kaczmarek et al., 2015). Moshier (1989a) described microcrystal textures in
Miocene limestones from North Sumatra, Indonesia. He reported that limestones characterized by
the mosaic texture had porosity values below 5%. In contrast, limestones characterized by the
crystal-framework texture had 15–30% porosity. Deville de Periere et al. (2011) identified three
distinct petrophysical classes – C, F, D – in Cretaceous microporous limestone reservoirs in the
Middle East. Class C was characterized by the highest average porosities (>20%), permeabilities
(0.2-190 md), and pore throat radii (~0.5 µm). Class F was characterized by intermediate reservoir
qualities (3-35%, <10 md, <0.5 µm), and Class D by the poorest reservoir qualities (<10%, <1
md). No pore throat radii values were reported for Class D. Kaczmarek et al. (2015) also
documented a similar variety of petrophysical types in their global survey of microporous marine
limestones. In their classification, Type I corresponds to the granular-subhedral texture and is
characterized by highest porosities, permeabilities, and pore throat radii (>20%, 1 -20 md, 0.7 µm).
Type II includes the granular-euhedral and the clustered textures and is characterized by
intermediate reservoir quality (10–20%, 0.1–1.0 md, 0.2 µm). Type III is associated with the fitted
textures and is characterized by the lowest reservoir quality (<10%, 0.1 md, 0.06 µm).
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Petrophysical types I, II, and III of Kaczmarek et al. (2015) are loosely correspond to classes C, F,
and D of Deville de Periere et al. (2011), respectively. Figure 2.12 summarizes the petrophysical
types recognized by Kaczmarek et al. (2015) and their associated microcrystalline textures and
petrophysical properties. Porosity and permeability relationships in micropore dominated
limestone reservoirs exhibit a log-linear trend (Fig. 2.13) (Lønøy, 2006; Kaczmarek et al., 2015;
Van Simaeys et al., 2017) similar to that observed in crystalline dolomites (Lucia, 2007; Loucks
and Ulrich, 2015). Along this trend, the major textural classes have distinct porosity and
permeability values, and thus they plot in different zones.
Capillary pressure measurements on LMC microcrystals produce curves that have been
interpreted to indicate well sorted and fine-skewed pore-throat size distributions (Archie, 1952).
More recently, Kaczmarek et al. (2015) described their pore-throat size distributions as narrow and
fine-skewed, indicating pore throat sizes that are uniform but skewed toward smaller pore radii.
Pore throat radii distributions from Deville de Periere et al. (2011), Kaczmarek et al. (2015), and
Van Simaeys et al. (2017) show that although each textural class is characterized by a range of
pore throat radii, the classes are easily distinguishable.
The relationship between petrophysical properties and elastic properties, such as sonic
velocity, is of great importance in carbonate rocks because correlations allow for predictive
relationships between petrophysical properties, wireline logs, and seismic responses. Such
relationships can also improve seismic inversion and AVO analyses (Baechle et al., 2008; Brigaud
et al., 2010; Janjuhah et al., 2019) as well as seismic well ties. Eberli et al. (2003) measured
acoustic velocities in modern carbonate sediments and limestones from the Bahamas using
experiments to simulate in-situ stress conditions of buried rocks. They found that rocks with higher
interparticle or microporosity have lower velocities by over 2500 m/s compared to limestones with
moldic porosity (up to 5000 m/s) (Eberli et al., 2003). Baechle et al. (2008) specifically examined
the effect of microporosity on sonic velocity. They found that sonic velocities decreased as the
percentage of microporosity relative to the total porosity increased (Fig. 2.14). For example, at a
given porosity, samples with >80% microporosity exhibit lower velocities than samples with
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<50% microporosity. Although some of the samples were microporous dolomites, Baechle et al.
(2008) showed that microporosity was related to lower velocities regardless of lithology.

Figure 2.10 Summary of the main textural classifications of LMC microcrystals. Mosaic texture identified by Moshier
(1989) corresponds to the fused texture of Deville de Periere et al. (2011), and fitted compact of Kaczmarek et al.
(2015). Framework texture of Moshier (1989) corresponds to rounded texture of Lambert et al. (2006), rounded
texture of Deville de Periere et al. (2011), and granular subhedral of Kaczmarek et al. 2015). Micro-rhombic texture
of Lambert et al. (2006) corresponds to subrounded and micro-rhombic textures of Deville de Periere et al. (2011),
and granular euhedral texture of Kaczmarek et al. (2015).
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Figure 2.11 SEM photomicrographs showing a unique texture exhibited by LMC microcrystals in stromatoporoids
from Kee Scarp reef, Norman Wells, Canada. LMC microcrystals can be seen to develop 60˚ and 120˚ cleavage traces.
Modified After Kaldi (1989).

Origin of Microporosity and LMC Microcrystals
The microcrystals that host the majority of micropores in limestones are invariably LMC,
whereas modern sediments are predominantly aragonite and HMC (Fig. 2.6). Texturally, the LMC
microcrystals observed in ancient limestones also differ significantly from the materials that
comprise modern carbonate sediments (compare Fig. 2.7 and 2.9 with 2.10) (Moshier, 1989a).
Geochemically, LMC microcrystals are also dissimilar to modern carbonate sediments in terms of
Sr and Mg content (e.g., Carpenter et al., 1991; Hasiuk et al., 2016). Together, these observations
suggest that the transformation from the heterogeneous, mineralogically unstable assortment of
carbonate sediments observed in modern carbonate settings to the homogeneous, stable assortment
of microcrystals observed in ancient limestones is a common diagenetic process (Bathurst, 1975;
Longman and Mench, 1978; Ahr, 1989; Budd, 1989; Moshier, 1989a; Loucks et al., 2013;
Kaczmarek et al., 2015; Hasiuk et al., 2016).
Mineralogy of Precursor Sediments
One important aspect of the diagenetic origin of LMC microcrystals is the mineralogy of
the precursor sediments (Lasemi and Sandberg, 1984; Wiggins, 1986; Moshier, 1987; Lasemi and
Sandberg, 1993; Coimbra et al. 2009; Volery et al., 2009). Investigating precursor mineralogy is
important because of the proposed hypothesis regarding secular variations in the dominant
carbonate depositional mineral throughout the Phanerozoic (Sandberg, 1983). In modern marine
environments, ooids are composed of aragonite exhibiting concentric (tangential) microtexture,
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whereas ancient ooids are composed of LMC exhibiting predominately radial textures (Kahle,
1974; Sandberg, 1975). Using modern ooids as an analogue, ancient LMC ooids were interpreted
to have been stabilized from originally aragonite ooids with concentric microtexture (e.g., Eardley,
1938; Purdy et al., 1964; Carozzi, 1962; Loreau, 1969; Bathurst, 1972). Radial ooids from the
Great Salt Lake in Utah, for example, were interpreted as originally aragonite with tangential
microtexture that later stabilized to LMC with radial microtexture (e.g., Eardley, 1938; Carozzi,
1962; Bathurst, 1972). However, the proposed textural alteration (tangential to radial) associated
with aragonite to LMC stabilization is at odds with observed textures in LMC replacing known
skeletal aragonites (Sanders and Friedman, 1967; Sandberg, 1975). Shells composed originally of
aragonite typically alter to coarse LMC crystals (Sandberg et al., 1973). Similar textural alterations
were also observed in Pleistocene ooids whose original mineralogy was interpreted to be aragonite
(Sandberg, 1975). Accordingly, Sandberg (1975) re-evaluated ooids from Great Salt Lake and
observed that their mineralogy is actually aragonite not LMC, and interpreted the radial texture as
depositional not diagenetic. Based on these mineralogical and textural relationships, Sandberg
(1975, 1983) argued that the original mineralogy in many ancient ooids exhibiting radial texture
must have been LMC. This interpretation challenged the existing paradigm about the mineralogy
of ancient carbonate sediments and questioned the veracity of using modern sediments as ancient
analogues.
Sandberg (1983) also used the aforementioned observations to propose that secular
variations in non-skeletal carbonate mineralogy occurred during the Phanerozoic. More
specifically, that there were times when aragonite and HMC were favored and other times when
LMC was more favored. He called these times “aragonite seas” and “calcite seas,” respectively
(sensu Milliken and Pigott, 1977). The mineralogical oscillations were subsequently shown to
broadly correlate with eustatic sea level changes, climatic trends, and seawater Mg/Ca ratio
(Fischer, 1981; Mackenzie and Pigott, 1981; Hardie, 1996).
Several mechanisms have been proposed to explain mineralogical variations through the
Phanerozoic. Among the most likely causes are changes in atmospheric pCO2 (Mackenzie and
Pigott, 1981; Sandberg, 1983, 1985; Wilkinson and Given, 1986) and changes in seawater Mg/Ca
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ratio (Sandberg, 1975; Wilkinson, 1979; Hardie, 1996). Hardie (1996) presented data showing
how the dominant mineralogy of evaporites also changed in conjunction with non-skeletal
carbonate mineralogy (Zharkov, 1984; Hardie, 1990). Hardie (1996) reasoned that, although pCO2
may affect carbonates directly, it clearly cannot explain the observed variation in evaporite
mineralogy. He thus concluded that changes in Mg/Ca ratio of sea water driven by changes in the
rate of ocean crust production is the more likely control on carbonate mineral oscillations during
the Phanerozoic. The secular variation in seawater Mg/Ca ratios is extensively reviewer in Ries
(2010).

Figure 2.12 The three petrophysical types proposed by Kaczmarek et al. (2015). Each type is associated with certain
microcrystalline texture and petrophysical properties. Modified after Kaczmarek et al. (2015).

It is important to note that Sandberg (1975, 1983) proposed secular variations in
mineralogy for non-skeletal carbonates only. More recent experiments by Ries (2006) and Ries et
al. (2006) showed that major aragonite-producing organisms in modern environments such as
codiacean algae and scleractinian corals, switched partially to LMC production at slower rates
when put in artificial sea water with lower Mg/Ca ratios (Mg/Ca = 2.5 or 1) compared to modern
seawater (Mg/Ca = 5.2). Based on these observations, it is reasonable to assume similar variations
in lime mud mineralogy also occurred throughout geologic time, since lime mud originates from
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the degradation of various skeletal materials (Lowenstam, 1955; Lowenstam and Epstein, 1957;
Lowenstam, 1963; Swinchatt, 1965; Stockman et al., 1967; Neumann and Land, 1975; Sandberg,
1975; Gischler et al., 2013) as well as precipitates inorganically from seawater (Vaughan, 1917;
Smith, 1940; Newell, 1955; Cloud et al., 1962; Milliman, 1974; Loreau, 1982; Milliman et al.,
1993).

Figure 2.13 Porosity-permeability cross plot showing log-linear relationship in microporosity dominated limestones.
Data compiled from Deville de Periere et al. (2011), Kaczmarek et al. (2015), and Van Simaeys et al. (2017). Data
points are color coded based on the dominant microcrystalline texture observed in SEM photomicrographs and the
petrophysical types identified by Kaczmarek et al. (2015) (black triangles = granular subhedral texture (type I), red
circles = granular euhedral and clustered-loose textures (type II), blue squares = fitted textures (type III).

Assuming secular variations in the dominant mineralogy of carbonate sediments has
occurred (Sandberg, 1983), some studies have postulated a similar trend in the mineralogy of lime
mud, the inference being that during times of “calcite seas” carbonate mud is dominated by LMC
rather than aragonite and HMC (Moshier, 1987; Moshier, 1989b; Volery et al., 2009). Moshier
(1989b) observed that LMC microcrystals in a Lower Cretaceous limestone in Middle East have
low Sr and Mg contents (Sr 148 ppm and Mg 1010 ppm), which he interpreted to reflect the
primary signature of LMC dominated sediments. However, based on a compilation of published
and new data, Hasiuk et al. (2016) later showed, that the Sr and Mg concentrations in a wide variety
of ancient LMC microcrystals are lower than both modern biotic and abiotic calcites precipitated
directly from seawater (Fig. 2.15). This observation led Hasiuk et al. (2016) to argue that LMC
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microcrystals do not preserve their primary chemical signature with respect to Sr and Mg contents,
and therefore low Sr content does not necessarily indicate an LMC precursor.

Figure 2.14 Cross plot showing an inverse relationship between percent microporosity and sonic velocity (Vp).
Modified after Baechle et al. (2008).

Based on observations from Cretaceous microporous limestone reservoirs in the Middle
East, Volery et al. (2009) more recently suggested that precursor sediments must have been
dominated by LMC because they were deposited during times of “calcite seas”. Volery et al.
(2009) further claimed that “low-Mg calcite muds are a necessary prerequisite for the formation
of microporous limestones”. Microporous limestones have been observed, however, in limestones
deposited during times of “aragonite seas” as well as “calcite seas”. Examples from times of
“aragonite seas” are Carboniferous: Dickson and Kenter (2014), Permian: Pittman (1971),
Pliocene and Early Miocene: Lucia (2017), Miocene: Moshier (1989a), and examples from times
of “calcite seas” are Silurian: Munnecke et al. (1997), Devonian: Kaldi (1989), Jurassic: Cantrell
and Hagerty (1999), Cretaceous: Volery et al. (2009).
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The vast majority of researchers agree that precursor sediments in ancient marine
environments were likely to be dominated by aragonite and HMC, similar to sediments in modern
marine settings. This consensus is based in large part on published observations from natural
environments and laboratory experiments that show aragonite and HMC lime muds transform to
LMC microcrystals similar to those observed in ancient limestones (e.g., Bathurst, 1975; Steinen,
1978; Steinen, 1982; McManus and Rimstidt, 1982; Lasemi and Sandberg, 1984; Land, 1987;
Papenguth, 1991; Lasemi and Sandberg, 1993; Lucia and Loucks, 2013; Lucia, 2017). In addition
to the marine sediments, studies, such as Volery et al. (2010a) showed that lacustrine deposits,
interpreted to have LMC precursor, now host LMC microcrystals with textures undistinguishable
from LMC microcrystals in marine deposits with aragonite and HMC precursors (e.g., Wright et
al., 1997; Arribas et al., 2004; Volery et al., 2010a). Deep ocean chalks that form from accumulated
LMC coccolith debris also exhibit LMC microcrystals similar to marine and lacustrine limestones
(Fabricius, 2007; Faÿ-Gomord et al., 2016). These observations indicate no unique mineral
assemblage is required for the development of LMC microcrystals and associated micropores.
Transformation Mechanism
A variety of mechanisms have been proposed to explain the diagenetic origin of LMC
microcrystals. Bathurst (1958) suggested that transformation of aragonite mud to LMC
microcrystals proceeds by grain growth. Grain growth is a dry transformation whereby
intercrystalline boundaries migrate causing crystal enlargement (Bathurst, 1958; Bathurst, 1961).
This mechanism was adopted from the metallurgy literature where growth of some metals takes
place in dry conditions (e.g., Fullman, 1952). Bathurst (1964a) later abandoned this idea, based on
the understanding that diagenetic environments are always assumed to be wet (Bathurst, 1964a;
Bathurst, 1975 p. 480). Hathaway and Robertson (1961) investigated experimentally how natural
aragonite needles in Bahamian sea water changed under burial conditions equivalent to 10–20 km
depth (up to 400˚ C and 50,000 psi). They observed conversion of aragonite needles to LMC with
the retention of the needle shape, although needle terminations became blunted. LMC needles
subsequently converted to equidimensional LMC microcrystals. Informed by the experiments of
Hathaway and Robertson (1961), Folk (1965) speculated that the transformation process starts
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with the conversion of larger µm-long aragonite needles to LMC while retaining their needle
shape. In contrast, smaller aragonite needles were proposed to fully dissolve with the CaCO3 reprecipitating as LMC overgrowths on the larger LMC needles, thus producing equidimensional
LMC crystals.

Figure 2.15 Conceptual diagram showing Sr/Ca and Mg/Ca contents of modern lime mud and ancient LMC
microcrystals. Aragonite dominated mud tends to be richer in Sr/Ca, whereas HMC dominated mud tends to be richer
in Mg/Ca. Ancient stabilized mud is characterized by lower Sr/Ca and Mg/Ca ratios. Based on data from Hasiuk et al.
(2016).

To explain the formation of larger LMC microcrystals (i.e., microspar), Folk (1965)
proposed a process that he called aggrading neomorphism whereby smaller LMC microcrystals
grow into larger LMC microspar. “Neomorphism” was used by Folk (1965) as a general term of
ignorance encompassing all transformations between one mineral and itself or a polymorph. Folk
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(1974) proposed that aggrading neomorphism was inhibited by the presence of Mg in the solution,
which formed a “cage” around LMC microcrystals preventing crystal growth. Only after Mg was
removed from the system, by fresh water for instance, could micrite recrystallize to microspar via
aggrading neomorphism (Folk, 1974; Longman, 1977; Longman and Mench, 1978).
Ostwald ripening (Ostwald, 1896), also referred to as grain coarsening, is another process
invoked to explain the growth of LMC microcrystals. Ostwald ripening is similar to aggrading
neomorphism. In fact, these terms have been used synonymously in the literature (e.g., Dewever
et al., 2007; Richard et al., 2007; Carpentier et al., 2015). What distinguishes Ostwald ripening
from aggrading neomorphism (sensu Folk, 1965) is that the thermodynamic drive for Ostwald
ripening comes from minimization of surface free energy of the system via dissolution of smaller
crystals and growth of larger ones (Morse and Casey, 1988). Some authors restrict the use of
Ostwald ripening to recrystallization where there is no change in mineralogy (e.g., Morse and
Casey, 1988; Volery et al., 2010b; Carpentier et al., 2015). Lucia (2017) used the term Ostwald
ripening more broadly to refer to recrystallization or mineralogical inversion from one mineral to
another (e.g., aragonite to LMC). To avoid confusion, Volery et al. (2010b) introduced the new
term “Hybrid Ostwald Ripening” to describe Ostwald ripening involving a change in mineralogy
and restricted Ostwald ripening to recrystallization where no mineralogical change occurred.
Recently, Ostwald ripening has been proposed by numerous authors to explain the formation of
LMC microspar in limestones (Dewever et al., 2007; Richard et al., 2007; Volery et al., 2010a;
Léonide et al., 2014; Carpentier et al., 2015; Morad et al., 2018). Evidence in support of Ostwald
ripening includes LMC microcrystals size bimodality observed in limestones where smaller
crystals are more rounded and interpreted to indicate dissolution, whereas larger crystals are more
euhedral and were interpreted to indicate overgrowth (Volery et al., 2010b; Carpentier et al., 2015).
Schultz et al. (2013) conducted recrystallization experiments at 23 °C, 100 °C and 200 °C, where
LMC submicron crystals with surface area of 11.8 m2/g observed to grow to ~2 µm in solution
saturated with respect to LMC (i.e., at equilibrium). Schultz et al. (2013) attributed the crystal
coarsening to Ostwald ripening.
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The number of studies that have examined the rates of conversion from aragonite to LMC
are numerous (e.g., MacDonald, 1956; Clark, 1957; Fyfe and Bischoff, 1965; Davis and Adams
1965; Taft, 1967; Bischoff and Fyfe 1968; Bischoff, 1969; Berner, 1975; Perdikouri et al., 2008),
but those that directly investigated textural changes during this process are limited. A handful of
case studies in natural environments have been published (Steinen, 1978, 1982; Ahr, 1989;
Perkins, 1989; Al-Aasm and Azmy, 1996; Deville de Periere et al. 2011, Loucks et al., 2013; Lucia,
2017), and there are even fewer laboratory-based experimental studies (Moshier and McManus,
1986; Papenguth, 1991). Steinen (1978) examined Pleistocene marine carbonate sediments in
Barbados and observed that sediments in the mixing zone are characterized by 65% aragonite, 1520% HMC, and 10-20% LMC. Microporosity, estimated visually, was 35-40%, and grain size
ranges between <0.1 to ca. 15 µm. In contrast, sediments residing in fresh water (above the mixing
zone) are characterized by 100% LMC. Microporosity in these sediments is <15%. Crystal sizes
were bimodal, with small crystals measuring between 0.5–2.0 µm, and larger crystals 3–8 µm. The
larger crystals were faceted and formed patches or clusters that grew in pore spaces (secondary
molds). Steinen (1978) proposed that the larger LMC microcrystals (i.e., microspar) formed, not
by aggrading neomorphism, but by a cementation process associated with mineralogical
stabilization in fresh water. That is, aragonite and HMC precursor sediments dissolve, and equant
LMC microcrystals precipitate as cement crystals into existing pore space. The decrease in
microporosity associated with mineralogical stabilization was also interpreted to indicate the
introduction and precipitation of carbonates as cement. Later, Steinen (1982) examined Holocene
aragonitic mud in the fresh water zone beneath hammocks on the tidal flats of west Andros Island,
Bahamas. He observed large (5-15 µm) pitted LMC microcrystals within aragonitic lime mud that
appeared to engulf adjacent aragonite needles. Steinen (1982) concluded that LMC microcrystals
formed by precipitation as cement crystals among aragonite needles. The precipitation step was
proposed to be followed by aragonite dissolution and reprecipitation as LMC. Further cementation
and/or compaction, it was argued, is required to produce fitted (mosaic) textures similar to those
observed in ancient limestones (Steinen, 1982). Figure 2.16 shows rhombic LMC microcrystals
among Holocene aragonitic mud from the Bahamas (after Steinen, 1982).
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Figure 2.16 SEM photomicrographs showing rhombic LMC microcrystals within Holocene aragonite mud from the
Bahamas. A) Rhombic crystals of calcite within aragonitic sediments. B) LMC microcrystals have grown around and
engulfed aragonite needles. C) Interlocking LMC microcrystals free of aragonite sediment. Modified after Steinen
(1982).

The findings of Steinen (1978, 1982) were later supported by the observations from
laboratory experiments reported in a GSA conference abstract by McManus and Rimstidt (1982)
and later published by Moshier and McManus (1986) and Moshier (1989a). These experiments,
which involved the conversion of aragonite to LMC at 50˚–100˚ C and 1 bar, were intended to
mimic shallow burial diagenesis of aragonite-dominated lime muds (Moshier and McManus,
1986). The experimental conditions more accurately resemble sedimentary conditions than the
earlier experiments by Hathaway and Robertson (1961), which were conducted at high
temperatures and pressures (up to 400˚ C and 3447 bar). McManus and Rimstidt (1982) reported
that aragonite needles sequentially transformed to equant LMC crystals (2–15 µm in diameter)
suggesting that mineralogical conversion took place by passive dissolution of aragonite and
precipitation of LMC cement crystals (Fig. 2.17).
The only other laboratory study to examine the conversion of metastable carbonate to LMC
from the textural standpoint was a Ph.D. dissertation completed under the guidance of Philip
Sandberg. In this study, Papenguth (1991) conducted dozens of open and closed system
experiments to evaluate lime mud stabilization. Papenguth (1991) used a variety of carbonate
precursors, including natural lime mud collected from the Bahamas and Florida, artificial mud
prepared from pulverizing modern skeletal material, and fine-grained carbonate precipitates
formed in the laboratory. Papenguth (1991) observed that lime mud stabilization to LMC occurs
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by dissolution of the reactant and precipitation of LMC rhombic cement crystals. Further, it was
observed that after complete transformation of aragonitic lime mud to LMC microcrystals, no
further change in LMC crystal size occurred, which argues against the role of aggrading
neomorphism in LMC stabilization. The main drawback of this study is the general lack of
experimental control. More specifically, multiple variables were change between experiments,
thus complicating any attempt to evaluate individual controls on the process and outcomes of
mineralogical stabilization.

Figure 2.17 SEM photomicrographs illustrating the conversion of synthetic aragonite needles to LMC microcrystals
in stabilization experiments in distilled water at 50˚ C conducted by McManus and Rimstidt (1982). A) Texture of the
reactant that is composed of 95% synthetic aragonite and 5% reagent grade LMC. B) Experimental result after
conversion of 50% of aragonite to LMC. C) Polished and etched SEM photomicrograph of experimental result after
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conversion of 50% of aragonite to LMC. D) Experimental result after conversion of 100% of aragonite to rhombic
LMC microcrystals. Modified after Moshier (1989a).

Lasemi and Sandberg (1984, 1993) observed pitted surfaces in LMC microcrystals, which
they interpreted as relics formed by dissolution of aragonite needles, and elevated Sr
concentrations in larger LMC microspar as evidence against aggrading neomorphism. They
reasoned that if aggrading neomorphism was responsible for the transformation of LMC
microcrystals to larger LMC microspar, then aragonite relics would have been obliterated during
this secondary recrystallization process. Instead, Lasemi and Sandberg (1984, 1993) proposed that
LMC microcrystals (micrite and microspar) form during a single step, and that the mineralogy of
the precursor sediments is what controls the crystal size. Relatively large (4-9 µm) crystals that
engulf aragonite relics, with higher Sr concentrations, and rough or pitted crystal surfaces, were
also interpreted by Lasemi and Sandberg (1984) to reflect an aragonite dominated precursor. In
contrast, relatively small (2-4 µm) crystals that lack aragonite relics, with lower Sr concentrations,
and smooth surfaces, were interpreted to reflect an LMC dominated precursor. In a later study,
Munnecke et al. (1997) compared Pliocene carbonates from the Bahamas to Silurian limestones
from Sweden. Pitted microspar surfaces were interpreted by Munnecke et al. (1997) as evidence
of dissolution of aragonite precursors, consistent with the interpretation of Lasemi and Sandberg
(1984, 1993) that microspar crystals form as cements during dissolution-precipitation and not by
aggrading neomorphism.
Recently, Lucia and Loucks (2013) and Lucia (2017) examined the transformation process
from aragonite mud to LMC microcrystals in the Neogene limestones of the Clino well from the
Bahamas. Bulk mineralogy was reported to be 0–25% aragonite, 73–91% LMC, and 0–66%
dolomite. Lucia and Loucks (2013) observed a change in texture and mineralogy with depth from
a heterogeneous mixture of metastable sediments to a more homogeneous assortment of LMC.
Based on the observation that porosity remained constant through the interval examined, they
concluded that stabilization is a local dissolution-precipitation process taking place in a closed
system without introduction of additional carbonate from an outside source. However, Lucia and
Loucks (2013) observed several examples where sediments dominated by LMC microcrystals had
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lower porosity values, which they attributed to additional cementation. The findings of Lucia and
Loucks (2013) suggest that the pore space observed in microporous limestones is inherited from
the initial muddy carbonate sediments, which have long been known to contain an abundance of
pore space (Bathurst, 1975; Enos and Sawatsky, 1981; Lucia and Loucks, 2013; Lucia, 2017). The
eventual configuration of the micropores, however, is dictated by the distribution of diagenetic
LMC microcrystals. Lucia (2017) also investigated the carbonates in Clino well, but focused on
the formation of the smaller LMC microcrystals (i.e., micrite). He observed that the bulk
mineralogy of a sample composed of minimicrite (sensu, Reid and Macintyre, 1998) which refers
to crystals <1 µm was a mixture of aragonite and LMC, but that the bulk mineralogy of a sample
composed of crystals 1–4 µm (micrite) and >4 µm (microspar) contained only LMC. Lucia (2017)
also noted a decrease in minimicrite but an increase in micrite with depth. SEM observations also
revealed that anhedral micrite crystals appeared to be aggregates of many smaller minimicrite
crystals. These observations were interpreted by Lucia (2017) to reflect dissolution of aragonite
and some LMC minimicrite with concomitant precipitation of LMC cement on adjacent LMC
minimicrite crystals, which forms larger micrite crystals. Similar to this, microspar appeared to
Lucia (2017) to form as individual micrite crystals cemented together. Lucia (2017) further
measured minimicrite crystal sizes and observed no change with depth. Based on this observation,
Lucia (2017) concluded that Ostwald ripening could not explain the formation of LMC microspar,
because if Ostwald ripening was controlling the dissolution of minimicrite, the average crystal size
of minimicrite should decrease with depth.
Dissolution has been proposed as a mechanism to explain the occurrence of microporosity
in limestone (Oldershaw, 1972; Wilson, 1975; Frost et al., 1983; Harris and Frost, 1984; Harris et
al., 1985; Dravis, 1989; Jameson, 1994). Oldershaw (1972) examined Ordovician limestones from
Ontario, Canada and observed microporous textures to be associated with supratidal, evaporitic
facies, whereas non-porous textures were observed in subtidal facies. A supratidal environment
was indicated by the presence of fine-grained dolomite, and chalcedony, both observations
interpreted to indicate high salinity environment. Oldershaw (1972) attributed the preservation of
micropores to the early precipitation of interstitial evaporite cements that prevented the occlusion
of the micropores by LMC overgrowth. The microporous textures, it was proposed, developed
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after the dissolution of the interstitial evaporite cements. Evaporite dissolution, however, cannot
explain the occurrence of LMC microcrystals, and has been shown unsatisfactory to explain the
majority of micropores (e.g., Moshier, 1989a). The vast majority of evidence suggests that LMC
microcrystal development is a constructive process rather than a destructive one (Folk, 1965;
Bathurst, 1975; Moshier, 1989a; Cantrell and Hagerty, 1999; Loucks et al., 2013; Hasiuk et al.,
2016). The microporosity, it has been argued, is not produced during diagenesis, but rather
redistributed to micropores associated with the diagenetic LMC microcrystals (Lucia and Loucks,
2013; Kaczmarek et al., 2015). In summary, data from numerous studies suggest that the
transformation of aragonite and HMC dominated sediments to LMC microcrystals occurs via a
dissolution–precipitation process driven by mineralogical stabilization (Land et al., 1967; Budd.,
1989; Moshier, 1989a; Al-Aasm and Azmy, 1996; Cantrell and Hagerty, 1999; Melim et al., 2002;
Loucks et al., 2013; Kaczmarek et al., 2015; Hasiuk et al., 2016; Lucia, 2017). Aragonite and HMC
are metastable under most surface conditions and tend to stabilize to LMC (Bathurst, 1975;
Steinen, 1978; Carlson, 1983). During this process, the pore system changes from one
characterized by a heterogeneous assortment of pore sizes and shapes in the interstices between
grains, mud, etc. to one characterized by a narrow distribution of pore shapes and sizes in the
interstices between LMC microcrystals.
Constraints on the Stabilization Process
Mineralogical stabilization as it pertains to carbonate diagenesis is a complex process. It
involves various mineral reactants exhibiting a wide range in texture, size, and abundance,
texturally variable products, and several diagenetic conditions that may affect reaction kinetics in
various ways. These factors are discussed below with a focus on how they impact microporosity
development.
Mineralogical Constraints
LMC and aragonite are two phases of calcium carbonate (CaCO3). These two polymorphs
have different physical, chemical, and thermodynamic properties. Based on the thermodynamic
data, LMC is more stable compared to aragonite. That is, the reaction from aragonite(s) to calcite(s)
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is thermodynamically favored, because at fGcalcite < fGaragonite. However, transformation of
aragonite to LMC, as well as the direct precipitation of carbonate minerals from seawater, is
governed by kinetic factors (Morse and Mackenzie, 1990).
In nature, carbonate minerals exhibit unique responses to mineralogical stabilization
(Bathurst, 1975; Flügel, 2013; Loucks et al., 2013). Whereas aragonitic lime muds have been
observed to transform to LMC microcrystals both naturally and experimentally (Steinen, 1978;
Steinen, 1982; McManus and Rimstidt, 1982; Lasemi and Sandberg, 1984; Papenguth, 1991),
aragonite allochems are not thought to yield the microporous textures observed in ancient
limestones. Instead, aragonite allochems typically undergo dissolution leading to mold formation
(e.g., Friedman, 1964; Land et al., 1967), or dissolution accompanied by LMC spar precipitation
(Sandberg and Hudson, 1983; Martin et al., 1986; Brand, 1989; Budd, 1989; Budd, 1992; Cantrell
and Hagerty, 1999; Loucks et al., 2013). Saller and Moore (1989) proposed that LMC
microcrystals do not form in aragonite skeletal grains, at least not in the open marine and mixing
zone realms. In Pleistocene sediments from Enewetak Atoll, they interpreted neomorphic LMC
spar cement to replace the aragonite skeletons of coral, algae, and molluscs. Aragonite grains were
observed to undergo dissolution accompanied by precipitation of LMC cement crystals as
overgrowth (Saller and Moore, 1989). Depleted oxygen isotope values (-5 to -9‰ VPDB) in the
neomorphic spar were interpreted by Saller and Moore (1989) to indicate precipitation in a
meteoric environment. Based on these observations, Saller and Moore (1989) proposed
mineralogical stabilization of aragonite to neomorphic LMC spar passing through an intermediate
stage characterized by intrafabric dissolution and LMC overgrowth cement.
The mechanism by which aragonite converts to LMC is controlled by kinetic and
hydrologic factors (e.g., Pingitore, 1976; McManus, 1982; Carlson, 1983). McManus (1982)
investigated the role of reactive surface area on the transformation of aragonite to LMC through
stabilization experiments. She proposed three transformation mechanisms to explain the variability
in LMC textures based on the reactive surface area available. The proposed mechanisms include
passive dissolution precipitation, transformation across a chalk zone, and transformation across a
thin fluid film (McManus, 1982). In experiments where fine aragonite powder was used as reactant
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(i.e., large reactive surface area), the conversion to LMC was texturally destructive, and thus
inferred to proceed by passive dissolution-precipitation (Taft, 1967; McManus, 1982; McManus
and Rimstidt, 1982; Papenguth, 1991). Conversely, when the surface area of the reactant was
lower, the transformation of aragonite was proposed to proceed by thin fluid films based on the
observation that the texture of the reactant is preserved (McManus, 1982; Budd and Hiatt, 1993).
Transformation through thin films has not been observed in laboratory because the process requires
slow reaction rates (McManus, 1982).
The lack of LMC microcrystal formation in aragonite allochems is contrasted with the
observation that LMC microcrystals are commonly develop in HMC allochems (e.g., Budd, 1989;
Saller and Moore, 1989; Budd, 1992; Al-Aasm and Azmy, 1996; Cantrell and Hagerty, 1999;
Loucks et al., 2013). Budd (1989) observed that LMC microcrystals in the Shuaiba Formation,
U.A.E., occurred most commonly in HMC dominated micritic materials, including the carbonate
mud in boundstones and packstones, as well as in micritized pellets and micritized porcellaneous
foraminifera. LMC microcrystals, in contrast, were absent in originally aragonite and LMC
allochems, nor were they observed in echinoderms and hyaline foraminifera (Budd, 1989). The
inference being that stabilities of echinoderms and hyaline foraminifera are determined by their
microstructure, not their mineralogy. In Kee Scarp reefs, Canada, LMC microcrystals have been
observed in stromatoporoids which interpreted to have HMC precursor, whereas corals, which
interpreted to be originally aragonite were not microporous (Al-Aasm and Azmy, 1996). In their
study of the Jurassic Arab Formation in Saudi Arabia, Cantrell and Hagerty (1999) reported that
originally aragonitic allochems, including mollusks, corals, and dasycladacean algae, were
leached, but HMC allochems were microporous. Originally LMC allochems, such as brachiopods,
bryozoans, arthropods, and stromatoporoids were neither leached nor microporous, but exhibited
well preserved skeletal microstructures. It is worth noting, however, that Cantrell and Hagerty
(1999) inferred original grain mineralogy based on published textural observations (e.g., Chave,
1964; Purser, 1969; Johnson, 1971; Majewske, 1974; Bathurst, 1975; Sandberg, 1975; Wray,
1977; Longman, 1980; Wilkinson et al., 1985), some of which are in disagreement. For example,
the original mineralogy of ooids has been interpreted to be aragonite and HMC which suggests
uncertainty in the understanding of the precursor mineralogy (Cantrell and Hagerty, 1999, Table
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2.1). In their global survey of microporous Phanerozoic limestones, Kaczmarek et al. (2015)
reported that peloids, ooids, corals, foraminifera, and algae are generally more susceptible to
develop micropores than echinoderms, bivalves, and brachiopods. Loucks et al. (2013)
investigated the genesis of the micropores in Pawnee Field, Texas. Based on petrographic
observations, they interpreted open and cement-filled molds as dissolved aragonite allochems (e.g.,
bivalves), whereas HMC grains, including foraminifera, red algae, and other micritized allochems
developed LMC microcrystals. Although no systematic quantitative evaluation of the relative
susceptibilities of carbonate allochems has been provided, qualitative observations from the
various studies are illustrated in Table 2.2.
The most common diagenetic pathway for unstable HMC allochems is dissolution and
concurrent precipitation of LMC pore-filling cement (e.g., Land et al., 1967; Richter, 1979; Brand
and Veizer, 1980; Turner et al., 1986; Budd, 1992). In rare cases, dissolution of HMC allochems
lead to mold formation (Schroeder, 1979; Saller, 1984; Budd, 1992). Budd (1992) showed that
moldic pores in the Bahamas and Bermuda formed as a result of HMC dissolution during exposure
to meteoric fluids. Diagenetic transformation of HMC allochems occur either by incongruent
dissolution (Chilingar, 1962; Friedman, 1964; Land et al., 1967; Schroeder, 1969; Gomberg and
Bonatti, 1970) or congruent dissolution (Oti and Müller, 1985; Turner et al., 1986). Incongruent
dissolution refers to a cation exchange process where Mg is replaced by Ca within the crystal
lattice thus preserving the allochem microstructure (Friedman, 1964). This hypothesis has been
disproven based on the observed textural and chemical modifications that accompany
transformation of HMC to LMC (e.g., Oti and Müller, 1985; Budd and Hiatt, 1993). Congruent
dissolution, in contrast, is synonymous with passive dissolution-reprecipitation and entails textural
alteration/replacement (Oti and Müller, 1985).
Towe and Hemleben (1976) proposed that HMC porcellaneous foraminifera undergo
mineralogical stabilization in two stages based on the observation that unaltered tests are composed
of HMC needles and laths, whereas altered tests are composed of LMC needles, laths, and equant
LMC crystals. In this model, the first stage involves a mineralogical change and textural
preservation where HMC needles and laths convert to LMC. The second stage includes a textural
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change whereby the LMC laths and needles convert to equidimensional crystals. Budd and Hiatt
(1993) investigated the stabilization process of Holocene porcellaneous foraminifera in the
meteoric environment from the Bahamas. Based on textural observations and geochemical data,
they concluded that HMC skeletons of foraminifera undergo mineralogical stabilization with no
textural change. Budd and Hiatt (1993) observed that Mg loss corresponds to how long the
foraminifera were subjected to meteoric fluids. To explain the observed textural retention but
geochemical change, they proposed that stabilization of porcellaneous foraminifera involves
incongruent intracrystal alteration via incremental dissolution-precipitation, consistent with the
first stabilization stage proposed by Towe and Hemleben (1976). Budd and Hiatt (1993), did not,
however, report a second stabilization stage characterized by textural alteration. It is unknown if
two-step stabilization applies to other HMC skeletons because evidence of an earlier stage of
alteration would be obscured in most cases (Budd and Hiatt, 1993).
Table 2.2 Qualitative susceptibility of carbonate grains to micropore development. Based on data from 1Budd (1989);
2
Al-Aasm and Azmy (1996), 3Cantrell and Hagerty (1999), 4Loucks et al. (2013), and 5Kaczmarek et al. (2015).
Higher Susceptibility
Matrix1,2,3,4
Micritized Grains1,3,4
Peloids3,4,5
Ooids3,5
Corals2,5
Foraminifera2
Stromatoporoids2
Algae4,5

Lower Susceptibility
Echinoderms1,3,5
Bivalves5
Brachiopods3,5
Hyaline Foraminifera1
Stromatoporoids3
Ostracodes3

Plummer and Mackenzie (1974) investigated biogenic HMC dissolution by reacting
Amphiroa r. (coralline algae) in distilled water at 25˚ C with continuous addition of CO2 gas. Based
on the slope changes in a plot of [Ca] and [Mg] versus the square root of time, Plummer and
Mackenzie (1974) identified three stages of dissolution. Stage 1 and 2 are marked by a linear
relationship between Ca and Mg, and were interpreted to reflect congruent dissolution of the HMC.
Stage 3 is characterized by nonlinear relationship and was interpreted to indicate incongruent
dissolution. This incongruent dissolution was further supported by comparing XRD patters of the
initial and the partially dissolved material. Plummer and Mackenzie (1974) observed a reduction
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in the asymmetry toward more Mg-rich calcite in the partially dissolved material, which was
interpreted to result from the incongruent dissolution of the higher Mg-calcite portions of
Amphiroa r.
Oti and Müller (1985) carried out year-long experiments where HMC skeletons of
Lithothamnion sp. (Coralline algae) reacted in distilled water with various concentrations of
CaCl2.2H2O. Although they observed no shift in the (104) XRD reflection in the altered material,
they did observe a decrease in the peak intensity, which was interpreted to indicate a reduction in
the amount of HMC material due to replacement by LMC. Oti and Müller (1985) argued for
congruent dissolution (i.e., passive dissolution-precipitation) whereby HMC dissolves and
rhombic LMC microcrystals precipitate as cement. Stabilization, however, was documented only
in fluids with CaCl2.2H2O added. In these experiments, the abundance of LMC microcrystals
precipitated as measured by XRD correlated with amount of CaCl2.2H2O in the experimental
fluids. In contrast, no LMC precipitated in the distilled water experiments. Oti and Müller (1985)
interpreted the irregular release of Mg and Ca into solution, which had also been documented
previously (Schroeder, 1969; Plummer and Mackenzie, 1974), to indicate spatial heterogeneity of
Mg within the skeletons, and that Mg exists in compounds other than MgCO3. Therefore, Oti and
Müller (1985) suggested that more Mg is released into the solution from dissolution of the more
soluble portions of skeletons (i.e., the Mg-enriched parts).
Laboratory stabilization of HMC (Oti and Müller, 1985), and aragonite in Mg-bearing
fluids have been largely unsuccessful (e.g., Fyfe and Bischoff, 1965). Explanations for this include
the presence of chemical inhibitors, such as Mg, PO4, SO4, and organic matter (Fyfe and Bischoff,
1965; Bischoff and Fyfe, 1968; Bischoff, 1969; Carlson, 1983; Papenguth, 1991). In seawater, the
most significant chemical inhibitor is Mg (Carlson, 1983). It has been proposed that Mg hinders
both direct precipitation of LMC (Lippman, 1960; Simkiss, 1964; Berner, 1975) and stabilization
of aragonite and HMC to LMC (Taft, 1967; Bischoff and Fyfe, 1968; Berner, 1975; Carlson, 1983).
Inhibition of LMC growth by Mg is thought to occur by adsorption of Mg at active growth sites
and into LMC crystal structure (Berner, 1975; Carlson, 1983).

61

Bischoff and Fyfe (1968) observed that it took longer for LMC growth to initiate in
experimental solutions with higher concentrations of Mg. Bischoff and Fyfe (1968) suggested that
LMC grown in the Mg-bearing solution incorporates Mg until the concentration of Mg drops
below a critical value. After this, LMC growth proceeds as it does in the Mg-free solutions.
Importantly, the concentrations of MgCl2 in their experiments were at least an order of magnitude
lower than concentrations of CaCl2. Modern seawater, it should be noted, has an Mg/Ca of ~5.0
(Lowenstein et al., 2001) so the applicability of these experiments to nature is uncertain.
LMC allochems are generally considered more stable and therefore less susceptible to
diagenetic alteration in most diagenetic environments (James and Choquette, 1984; Morse and
Mackenzie, 1990). Dravis (1989), however, reported that LMC grains (oyster fragments) in the
Haynesville Formation, Texas, exhibited microporous textures similar to HMC allochems, such as
foraminifera and red algae. This study was based on observations from thin section
photomicrograph taken under blue-light fluorescence, where bright areas were interpreted to
indicate the existence of micropores. No SEM photomicrographs of the oyster shells were provided
so the presence of LMC microcrystals cannot be confirmed. Based on petrographic and
geochemical observations, including lack of subaerial exposure, lack of meteoric cement or vuggy
pores, extensive pressure solution features, and stable carbon and oxygen isotopes of LMC
cements consistent with burial diagenesis, Dravis (1989) suggested that microporosity
development occurred in the deep burial realm where corrosive fluids led to development of
microporous textures.
Textural Constraints
The texture of precursor carbonate sediments has also been shown to be an important
control on mineralogical stabilization and subsequent microporosity development (e.g., Al-Aasm
and Azmy, 1996; Cantrell and Hagerty, 1999; Loucks et al., 2013; Carpentier et al., 2015). This is
especially true for allochems. Dissolution of biogenic carbonates has been shown in laboratory
experiments to be influenced by fluid chemistry, as well as the mineralogy and microstructure of
the allochems (Walter, 1983; Walter and Morse, 1985). Walter and Morse (1985) showed that
allochem microstructure can override thermodynamic constraints of mineralogical solubility under
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certain chemical conditions. Dissolution experiments involving carbonate allochems were carried
out in solutions where the saturation state was held constant by controlling the [Ca+2], [CO3-2],
pCO2, pH, and ionic strength. In solutions undersaturated with respect to LMC, Walter and Morse
(1985) showed that aragonite allochems with finely crystalline microstructures, such as green algae
(Halimeda) and gastropods, dissolve faster than HMC allochems, such as foraminifera
(Peneroplis) (15 mole% MgCO3) and red algae (18 mole% MgCO3) that are more
thermodynamically unstable and have a lower reactive surface area. Al-Aasm and Azmy (1996)
showed that micropores associated with LMC microcrystals developed more extensively in tabular
stromatoporoids than in algae. They reasoned that the open skeletal structure of stromatoporoids
allowed fluids to more easily pass through the skeletal framework and thus establish a positive
feedback on the rate. A microstructural control was also invoked by Cantrell and Hagerty (1999)
to explain the lack of micropore development in echinoderm fragments, which are comprised of a
single crystal of HMC and have relatively low reactive surface area.
Numerous studies have shown that micritized grains are more likely to exhibit microporous
textures (e.g., Pittman, 1971; Ahr, 1989; Budd, 1989; Cantrell and Hagerty, 1999; Loucks et al.,
2013). According to Bathurst (1966), micritization refers to the process by which the original
fabric of a carbonate allochem is altered to microcrystalline carbonate. Micritization, refers
specifically to alteration to aragonite or HMC only, not LMC stabilization (Alexandersson, 1972;
Reid and Macintyre, 1998; Flügel, 2013). Initially, micritization was interpreted as inorganically
precipitated microcrystalline carbonate in the voids left by endolithic borings by microorganisms,
such as bacteria and algae (Bathurst, 1966; Alexandersson, 1972). Reid and Macintyre (2000)
recognized another type of micritization where biologically induced precipitation of aragonite
takes place concurrently with endolithic activity. A third type of micritization occurs via
recrystallization of skeletal allochems that occurs during the life cycle of the organism and
continues post mortem. This process has been shown to be widespread in shallow marine
environments (Purdy, 1968; Reid and Macintyre, 1998). Reid and Macintyre (1998) documented
recrystallization micritization in living Archaias porcellaneous foraminifer (HMC) where the
original aragonite/HMC rods comprising the skeletal wall recrystallize to anhedral equant
minimicrite (0.05-0.1 µm) without an associated mineralogical change. They also documented
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post-mortem recrystallization as a series of textural changes from skeletal rods and needles that
convert to minimicrite (crystals that are <1 µm), which then convert to pseudomicrite (crystals that
measure between 0.02–0.05 µm) and finally micrite (1–4 µm). Although the formation of
minimicrite from rods and needles involves no change in mineralogy, the formation of
pseudomicrite and micrite may involve a change in mineralogy from HMC to aragonite or vice
versa (Reid and Macintyre, 1998). Hover et al. (2001) reported similar observations on living and
recently deceased Peneropolid foraminifera from Florida and the Bahamas. The elongated HMC
crystal rods in the tests of living samples were observed under the SEM to be shorter and more
equidimensional than in altered foraminifera (Hover et al., 2001). Using high-resolution scanning
transmission analytical electron microscopy (STEM/AEM), Hover et al. (2001) observed that
HMC crystals comprising the altered tests exhibited rounded terminations and more irregular
shapes, which they interpreted as evidence of dissolution. The crystals comprising the altered test
were also cemented together by intercrystalline material forming larger aggregates, interpreted as
evidence of precipitation (Hover et al., 2001). Hover et al. (2001) also observed that average crystal
lengths increased from 280 ± 9 nm in living organisms to 353 ± 15 nm in deepest interval (12-14
cm), and average crystal widths increased from 56 ± 1 nm in living specimens to 120 ± 4 nm in
the deepest interval. Based on these observations, they proposed that textural alterations in
Peneropolid foraminifera occur without mineralogical changes and is driven by Ostwald ripening.
Recrystallization processes described by Macintyre and Reid (1995), Reid and Macintyre
(1998), and Hover et al. (2001) occur in shallow marine environments to living organisms and
during post-mortem. Although these recrystallization processes may involve mineralogical
changes from aragonite to HMC or vice versa, they are unrelated to mineralogical stabilization to
LMC (Reid and Macintyre, 1998, p. 944) despite being confused with the process of mineralogical
stabilization by which LMC microcrystals develop (e.g., Kaczmarek et al., 2015).
Diagenetic Environments
Geochemical and petrographic observations implicate various diagenetic environments for
mineralogical stabilization of carbonate sediments. Moshier (1989b) presented geochemical data
from LMC microcrystals in the Lower Cretaceous Thamama Group at Sajaa field, U.A.E. Average
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δ 18O and δ13C values were -4 to -5‰ and 1.5 to 5‰, respectively. Trace element (Fe, Mn, Sr, Na)
concentrations were depleted (101-102 ppm) relative to modern marine carbonates. Moshier
(1989b) interpreted the low concentrations of trace elements as the primary signature of a precursor
sediments dominated by LMC. Negative δ

18

O values suggested to Moshier (1989b) that

stabilization happened at slightly elevated fluid temperatures (~ 40-48˚ C) corresponding to
shallow burial between 530 – 815 m. δ13C values also became less positive with depth, which was
interpreted to reflect addition of isotopically light CO2 generated by anaerobic microbial activity
at shallow burial depths (Irwin et al., 1977). Using a closed system model linking the observed
changes in δ18O, porosity, and temperature, Moshier (1989b) concluded that stabilization occurred
in “marine-like” fluids in the shallow burial realm.
Budd (1989) investigated Thamama Group limestones in an adjacent field to the field
studied by Moshier (1989b). Despite observing low trace element concentrations and depleted
δ18O values, Budd (1989) proposed that two diagenetic events were required for microporosity
development. The first corresponds to mineralogical stabilization to LMC by meteoric fluids in a
water-buffered system, which is reflected in both the low Sr and Mg concentrations and depleted
δ18O. The second, Budd (1989) posited, is LMC recrystallization that further reduced δ 18O. The
drive for secondary LMC recrystallization was not discussed. Budd (1989) further argued that
mineralogical stabilization in marine fluids was unlikely because the high Mg/Ca ratio of seawater
would inhibit LMC growth as documented in numerous studies (Fyfe and Bischoff, 1965; Bischoff
and Fyfe, 1968; Bischoff, 1969; Berner, 1975; Carlson, 1983; Papenguth, 1991).
Meteoric fluids are the most commonly implicated to explain carbonate stabilization
(Longman and Mench, 1978; Ahr, 1989; Budd, 1989; Perkins, 1989; Richard et al., 2007; da Silva
et al., 2009; Volery et al., 2009; Volery et al., 2010b; Deville de Periere et al., 2011). Based on
petrographic observations, including clay-filled karst cavities, aragonite allochem molds, and
sparry calcite cements, in Cretaceous age carbonates from Iraq, Qatar, and U.A.E., Deville de
Periere et al. (2011) suggested that mineralogical stabilization occurs in meteoric fluids. A gradual
increase in δ13C (1.1 to 3.5‰) in LMC microcrystals below a major unconformity was also
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consistent with the addition of soil carbon associated with meteoric diagenesis (Deville de Periere
et al., 2011).
Insights on the diagenetic environment where mineralogical stabilization occurs have also
come from investigations of the Neogene and Pleistocene limestones in the Clino and Unda cores,
which are located along the western margin of the Great Bahama Bank (Melim et al., 1995, 2001a,
2001b; Melim, 1996; Melim and Masaferro, 1997; Munnecke et al., 1997; Westphal and
Munnecke, 1997; Westphal, 1998; Swart, 2000; Swart and Melim, 2000; Westphal et al., 1999b,
2000; Melim et al., 2002). Based on the observation that aragonite needles are commonly engulfed
in LMC microcrystals, the limestones are interpreted to have an aragonitic precursor (Munnecke
et al., 1997; Melim et al., 2002). Melim et al. (2002) used petrographic and geochemical data to
propose a model whereby LMC cement forms at the expense of the dissolution of aragonite
dominated muds. They reasoned that this process happened in seawater because the sediments
showed no evidence of having been in contact with meteoric fluids. The interpretation that LMC
microcrystals form in the marine realm (Melim et al., 2002) challenged the idea that stabilization
does not take place in the presence of Mg, as implied by stabilization experiments performed by
Fyfe and Bischoff (1965), Taft (1967), Berner (1975), and Papenguth (1991), and argued by many
authors (e.g., Ahr, 1989; Budd, 1989; Perkins, 1989). One possibility is that pore-fluids were Mgdepleted. Dolomite was observed, but pore-fluids were not analyzed. Aragonite dissolution in
shallow marine environments is typically unfavorable because above the aragonite compensation
depth (ACD), as it is the case in Clino and Unda wells, seawater is supersaturated with respect to
aragonite (Melim et al., 2002). Dissolved aragonite in wells 1007 and 1006, both of which are
located downslope from Clino and Unda, was also observed earlier by Frank and Bernet (2000),
who suggested that ACD was shallower during the Miocene. This requires, however, a shallowing
of the ACD by more than 3000 m compared to its present-day position. The fact that Clino and
Unda wells are both substantially shallower than wells 1007 and 1006, led Melim et al. (2002) to
reject the hypothesis of Frank and Bernet (2000). As an alternative, they proposed that aragonite
dissolution was more likely caused by undersaturated pore-fluids driven by CO2 release during
microbial degradation of organic matter. Aragonite dissolution, they reasoned, would have also
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reduced the Mg/Ca ratio of the pore-fluids, thus lessening the kinetic inhibition effect of Mg on
the precipitation of LMC microcrystals.
Reuning et al. (2006) examined Pliocene sediments from the Maldives recovered from
ODP Leg 115. Based on the observation that porosity decreased and the percent of LMC increased
in some stratigraphic intervals, they inferred variations in the degree of LMC cementation. In these
intervals, the Mg/Ca ratio of the pore-fluids was lower than seawater (Swart and Burns, 1990).
Reuning et al. (2006) reasoned that these conditions favored LMC precipitation (Morse et al.,
1997). Mineralogical data from ODP Hole 1127, which penetrates Southern Australian slope
sediments, also show that aragonite and HMC dominate near the sea floor, whereas LMC and
dolomite dominate below ~150 m (Feary et al., 2000; Rivers et al., 2012). Pore-fluid chemistry in
the well shows a decrease in Mg/Ca with depth from ~5 near the sea floor, to ~ 4.1 at 150 m, to ~
2 at 500 m (Feary et al., 2000; Rivers et al., 2012). These data taken together, suggest that the
Mg/Ca ratio of solution may play a significant role in the stabilization of aragonite to LMC, which
is also consistent with laboratory experiments (e.g., Taft, 1967).
Hasiuk et al. (2016) compiled a stable isotope and elemental dataset from seven
hydrocarbon reservoirs and twenty-one published studies covering a wide range of geological ages,
burial depths, and depositional environments. δ13C values measured in LMC microcrystals were
between -10‰ and +5.5‰, and δ18O values were between -18‰ and +3.5‰ (Hasiuk et al., 2016).
They reported that LMC microcrystals had δ18O values a few per mil more negative and δ13C
values less than a per mil more negative compared to age-equivalent marine calcites. Further, both
δ18O and δ13C were observed to decrease with depth along a burial trend that was modeled with a
positive slope (Hasiuk et al., 2016). This isotopic trend was interpreted to indicate formation of
LMC microcrystals in shallow burial environment. Data from Moshier (1989b) and Deville de
Periere et al. (2011), however, show stable δ18O but highly variable δ13C, which were interpreted
to indicate stabilization in meteoric realm (Hasiuk et al., 2016). Elemental data, which showed
Mg/Ca range between 6.4-90.4 mmol/mol, Sr/Ca 0.2-0.9 mmol/mol, Fe/Ca 0.0 -29.3 mmol/mol,
and Mn/Ca 0.0-1.3 mmol/mol (Fig. 2.15) further supported this interpretation. The trace element
concentrations also co-varied with δ18O, and Mg/Ca decreased, but Fe/Ca increased as δ18O
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became more depleted (Hasiuk et al., 2016). Hasiuk et al. (2016) argued that diagenetic
stabilization was unlikely to occur in meteoric fluids, but rather during shallow burial in a marine
setting.
Controls on LMC Microcrystal Size
LMC microcrystals have historically been classified either as micrite (1-4 µm) or microspar
(5-10 µm) based on a proposed gap in crystal size distributions reported by Folk (1965).
Subsequent studies, however, have failed to confirm a gap in the sizes of LMC micrite and
microspar in Phanerozoic limestones (Lasemi and Sandberg, 1993; Kaczmarek et al., 2015), but
instead showed unimodal crystal size distributions in the range of 1-10 µm. Based on these new
data, Kaczmarek et al. (2015) avoided the terms micrite and microspar, and instead used the term
microcrystal when referring to LMC crystals <10 µm. Additionally, it has been demonstrated that
both micrite and microspar form from lime mud during a one-step stabilization process, and what
controls crystal size is precursor mineralogy (Lasemi and Sandberg, 1984; Papenguth, 1991;
Lasemi and Sandberg, 1993; Munnecke et al., 1997). Lasemi and Sandberg (1993), showed that
aragonite dominated muds produced larger LMC crystals with mean size of 5-12 µm, whereas
HMC dominated muds produced smaller crystals with mean size of 1-4 µm. Papenguth (1991)
also evaluated how mineralogy controlled LMC microcrystal size during stabilization
experiments. Aragonite-rich muds stabilized to 5-25 µm LMC microcrystals, whereas HMC-rich
muds stabilized to 1-3 µm LMC microcrystals. Precursor mineralogy is hypothesized to control
the number of nucleation sites (Lasemi and Sandberg, 1984; Papenguth, 1991). The scarcity of
nucleation sites in aragonite-rich muds results in coarser LMC crystals, whereas an abundance of
nucleation sites in HMC-rich muds produces finer LMC crystals (Papenguth, 1991; Lasemi and
Sandberg, 1993).
Another proposed control on LMC microcrystal size is the grain size of precursor
sediments (Bathurst, 1961; Papenguth, 1991). Bathurst (1961) suggested that LMC microcrystal
size is limited by the length of aragonite needles in the precursor sediments. An attempt was made
to experimentally evaluate the influence of grain size of initial sediments on crystal size of LMC
microcrystals by Papenguth (1991). HMC-rich muds were prepared by grinding up skeletons of
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Goniolithon and Melobesia (HMC algae) into two crystal size populations (<25 µm and <<25 µm).
These muds were then reacted in CaCl2.2H2O solutions at 200˚ C for 117 days. Grain size
measurements of the resultant LMC microcrystals indicate that Goniolithon muds with smaller
crystal size (<<25 µm) stabilized to larger (3 µm) LMC microcrystals compared to muds with
larger crystal size (<25 µm) which produced smaller (1.6 µm) LMC microcrystals (Papenguth,
1991). Melobesia muds showed a similar trend, but the difference in crystal sizes was less
significant. That is, initial grain size <<25 µm produced crystal that measure 1.8 µm, compared to
initial grain size <25 µm that produced crystals of 1.4 µm. One comment about these experiments
is that the HMC lime muds only partially transformed to LMC (maximum LMC = 54 wt.%), which
limits our ability to make textural observations because LMC textures evolve as the reaction
proceed (Moshier and McManus, 1986). There is also a technical challenge to separate extremely
fine material into definite ranges of crystal size. Papenguth (1991) used a 500 mesh (25 µm) sieve
to separate fine material. Sediments that passed through the sieve with difficulty were denoted <25
µm, whereas those that passed through easily were denoted <<25 µm.
Deville de Periere et al. (2011) observed that LMC crystal size is controlled by both
depositional and diagenetic facies. Coarser LMC microcrystals (>2 µm) were found to be
associated with rudist-rich bioclastic shoals and back shoal environments, whereas finer LMC
microcrystals (<2 µm) were found in association with sediments from a protected inner platform.
Additionally, the coarser LMC microcrystals were associated with intervals subjected to meteoric
diagenesis. It was reasoned that selective dissolution of aragonite and HMC in meteoric fluids
would create spaces between undissolved LMC crystals (Volery et al., 2010b; Deville de Periere
et al., 2011), which enhances porosity, and the carbonate re-precipitates as cement overgrowths,
leading to larger but fewer crystals (Deville de Periere et al., 2011). In contrast, finer LMC
microcrystals experienced no observed leaching by meteoric fluids, but stabilization occurred in
continuously supersaturated fluids (Deville de Periere et al., 2011).
Origin of LMC Microcrystal Textures
Early studies focused on the genetic origin of LMC microcrystals with little regard for
textural variations (e.g., Bathurst, 1961; Folk, 1965; Bathurst, 1971; Pittman, 1971). More recent
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studies, however, document a wide variety of LMC microcrystal textures and have attempted to
explain their diagenetic origins (Moshier, 1989a; Lambert et al., 2006; Deville de Periere et al.,
2011).
In the preceding sections, various controls, such as mineralogy, texture, and diagenetic
environment have been discussed in terms of their impact on the stabilization process. These
controls not only affect the development of LMC microcrystals and associated micropores, but
also the textures exhibited by LMC microcrystals that result from stabilization (Longman and
Mench, 1978; Moshier, 1989a). In nature, the diagenetic history is often too complicated to discern
the texture of the initial product formed during the mineralogical stabilization reaction. Moreover,
experiments investigating the stabilization of carbonate sediments are limited and extremely
controlled compared to natural settings (McManus and Rimstidt, 1982; Papenguth, 1991).
Complicating matters further is the understanding that LMC microcrystals presumably undergo
textural changes throughout their entire diagenetic history (Lambert et al., 2006; Deville de Periere
et al., 2011; Hasiuk et al., 2016).
Moshier (1989a) suggested that higher porosity crystal-framework textures (Fig. 2.10)
result from a mineralogical stabilization process that takes place in a closed system (i.e., high
rock/water ratio), without substantial addition of carbonate material from an external source as
cement. The lower porosity mosaic texture, conversely, was interpreted to form in an open system
(i.e., low rock/water ratio) whereby additional carbonate is introduced from an outside source
(Moshier, 1989a). Lambert et al. (2006) interpreted the rhombic LMC to result from mineralogical
stabilization in seawater via dissolution of HMC and precipitation of LMC. They reasoned that the
dissolution of aragonite would increase the Ca/Mg ratio, causing fluids to become undersaturated
with respect to HMC and supersaturated with respect to LMC (Lambert et al., 2006). Lambert et
al. (2006) interpreted anhedral compact textures to result from granular euhedral textures
overprinted by further cementation induced by chemical compaction. The anhedral compact
texture was observed in association with cemented facies and exhibited “ameboid” crystals that
were interpreted to indicate cementation (Lambert et al., 2006). Rounded LMC microcrystals have
been interpreted to result from dissolution of granular euhedral LMC microcrystals (Lambert et
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al., 2006; Tavakoli and Jamalian, 2018). This dissolution process of LMC microcrystals was
proposed to take place in the burial environment and is unrelated to dissolution of metastable
sediments during mineralogical stabilization (Lambert et al., 2006). Lambert et al. (2006) observed
the occurrence of rounded textures in the oil zone of Cretaceous limestones in Iraq and U.A.E., in
the Middle East and suggested that they resulted from the dissolution at the edges and corners of
rhombic crystals by acidic burial fluids. Lambert et al. (2006) argued that dissolution reduced the
diameter of LMC microcrystals by >1 µm and increased porosity by 8-13%. The rounded shape
of crystals as well as channels observed between adjacent crystals were considered as evidence of
dissolution. It was further reported that the porosity created by dissolution remained open and
filled with hydrocarbons suggesting to Lambert et al. (2006) that acidic fluids were emplaced prior
to or coeval with oil emplacement. Earlier, Moshier (1989a) reported the occurrence of smaller
than average, and more rounded crystals along the edges of microchannels in Lower Cretaceous
in age limestones from an undisclosed location in the Middle East. However, the SEM
photomicrograph provided is of low resolution and does not clearly show rounded crystals
(Moshier, 1989a, Fig. 8). Kaczmarek et al. (2015) found that crystals in the granular subhedral
textures were slightly smaller than 2 µm, whereas crystals exhibiting the granular euhedral (their
hypothesized precursor) were slightly larger than 2 µm, an observation that is consistent with the
idea that dissolution reduced crystal size. However, Kaczmarek et al. (2015) reported that the
granular subhedral crystals were not rounded, but rather polyhedral with well-defined crystal faces,
an observation that is inconsistent with the dissolution model.
Upon reevaluating data from Lambert et al. (2006), Ehrenberg et al. (2012) argued that the
amount of increase in porosity attributed to dissolution was unrealistic. They demonstrated that a
reduction in crystal diameter from 4.5 µm (48 µm3 volume) to 3 µm (14 µm3 volume) would result
in a 71% loss of solid material. They also showed that the published porosity and crystal size trends
from Lambert et al. (2006), when extrapolated, would result in only 64% porosity when crystal
size is equal to zero. This suggests that larger LMC crystals were ignored in the analysis, and that
cementation likely occurred in other parts of the reservoir (Ehrenberg et al., 2012). Ehrenberg et
al. (2012) further argued that acidic fluids would have likely caused extensive dissolution along
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the entire fluid migration pathway, not only along the structural crest of the reservoir as reported
by Lambert et al. (2006).
Morad et al. (2018) argued that the dissolution hypothesis is incapable of explaining
rounded LMC microcrystals because dissolution would produce etched and pitted anhedral crystals
rather than smooth rounded crystals. It has been shown, however, that the mechanism by which
dissolution occurs in carbonate minerals, largely depends on chemical variables, such as saturation
state (Berner and Morse, 1974), and defect microstructure (Kaczmarek and Sibley, 2007). For
example, in experiments conducted at pH = 3.9 and 𝑃𝐶𝑂 2 = 10−2.5, Berner and Morse (1974)
showed that rhombic LMC crystals dissolved to form rounded crystals. Alternatively, Morad et al.
(2018) proposed that rounded (spheroidal) crystals can be associated with microbial precipitation
of CaCO3, though these forms are typically aragonite or HMC (e.g., Folk, 1993; Perri and Tucker,
2007; Maruthamuthu et al. 2010; Spadafora et al. 2010). Maruthamuthu et al. (2010) reported
bacterial precipitation of LMC, yet crystals were mostly not rounded, but rather rod shaped.
Mineralogy of the bacterially precipitated carbonates is important, because if the mineralogy is
aragonite or HMC, then it will be subjected to mineralogical stabilization, and thus textural
alteration.
Deville de Periere et al. (2011) observed that compact anhedral textures were accompanied
by either micro-stylolitization or epitaxial overgrowth cement between LMC microcrystals.
Additionally, clay contents were higher (10-20%) in the compact anhedral texture, compared to
the microporous textures (0.1–10%) (Deville de Periere et al., 2011). These observations were
interpreted to reflect pressure solution that led to subsequent cementation between LMC
microcrystals. An association between stylolite abundance and fitted textures has been observed
earlier by Moshier (1989a) from a Cretaceous reservoir in Middle East (Shuaiba Formation), and
by Kaczmarek et al. (2015) in limestones from the Black Sea Region. Interestingly, the fitted
textures and stylolites occurred approximately 10 m shallower than the limestones with stylolites
exhibiting granular subhedral textures, suggesting that the relationship between LMC microtexture
and burial depth is somewhat complicated.
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Chalk Microporosity
Despite being fundamentally different in terms of precursor mineralogy and texture
(Hancock, 1975), chalk diagenesis is important to the discussion of limestone microporosity.
Unlike shallow marine carbonate sediments, which are characterized by wide array of carbonate
minerals and textures, deep marine chalks are invariably LMC with a more straightforward
diagenetic pathway (Scholle, 1977). Additionally, chalks serve as an analogue for shallow marine
limestones deposited during times of calcite seas, which are hypothesized to have initial sediments
dominated by LMC.
Chalks are regarded as deep marine deposits, mainly composed of calcareous nano- and
micro-fossils, along with other, less common, siliceous, organic, and siliciclastic components
(Scholle, 1977; Fabricius, 2007). Modern deep marine sediments (i.e., “ooze”) consist of the
skeletal remains of various calcareous planktic organisms, such as foraminifera, coccoliths, and
pteropods, as well as siliceous organisms, such as radiolaria and diatoms (Milliman, 1974; James
and Jones, 2015). Planktic organisms inhabit near-surface (upper 300 m) marine waters, but once
they die they settle through the water column and accumulate as “pelagic rain” on the sea bottom
(Ekdale and Bromley, 1984). The tests of planktic foraminifera are typically the main contributors
to the sand-size fraction in the sediment, whereas skeletal fragments usually contribute to the siltsize fraction (Milliman, 1974). Coccoliths typically disintegrate into particles <6 µm (Milliman,
1974). Both planktic foraminifera and coccolith are LMC, pteropods are aragonitic, whereas
radiolarians and diatoms are siliceous (James and Jones, 2015). Contribution of the different
planktic organisms to the pelagic sediments vary spatially and temporally (Burky et al., 1971;
Milliman, 1974). In modern oceans, planktic foraminifera are generally considered the significant
contributor to deep marine sediments (Milliman, 1974). In the Mediterranean and the Black Seas,
however, coccoliths are more dominant (e.g., Bukry et al., 1971). Based on measured coccolith
abundances in several stratigraphic units, Bramlette (1958) proposed that contribution of
coccoliths to calcareous oozes was greater during the Tertiary than its today.
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Unlike the shallow marine sediments comprised of aragonite and HMC that stabilize to
LMC microcrystals, deep marine sediments start out as mostly LMC (Schlanger and Douglas,
1974; Hancock, 1975; Scholle, 1977). Consequently, mineralogical stabilization is not a significant
diagenetic process in chalk. Instead, chalk diagenesis is characterized by LMC-LMC
recrystallization (Schlanger and Douglas, 1974; Fabricius, 2007; Hasiuk et al., 2016; Descamps et
al. 2017), thought to be driven by either chemical equilibration between the solid phase and pore
waters (Fabricius, 2007), or by Ostwald ripening (Schlanger and Douglas, 1974; Hasiuk et al.,
2016). LMC recrystallization has been suggested to initiate after the organic coatings on carbonate
skeletons are removed by bacterial activities (Henriksen et al., 2004; Fabricius, 2007).
Chalk constituents share the same particle size range as the LMC microcrystals in shallow
marine microporous limestones (Hasiuk et al., 2016). At the SEM scale, textures in chalk are
distinguishable from those of shallow marine microporous limestones by the presence of nanoand micro-fossils that host micropores if chalk has not experienced extensive recrystallization.
Recrystallized chalk, on the other hand, may look very similar to shallow marine limestones (Fig.
2.18).
Calcareous oozes are documented to have ≥70% primary porosity (Scholle, 1977;
Fabricius, 2007), which is present as interparticle and intraparticle micropores associated with
skeletal remains (Fabricius, 2007). Porosity can decrease by more than 40% in the first few
kilometers of burial (Tracey et al., 1971; Cook and Cook, 1972; Scholle et al., 1974; Scholle, 1977;
Fabricius and Borre, 2007), an observation attributed to mechanical compaction and/or chemical
compaction and subsequent cementation (Schlanger and Douglas, 1974; Scholle, 1977; Fabricius,
2007). Mechanical compaction typically dominates during shallow burial, whereas chemical
compaction dominates during deep burial (Schlanger and Douglas, 1974; Fabricius, 2007).
Textural evidence for mechanical compaction includes broken, deformed, and reoriented
allochems (Scholle, 1977). Experimental studies demonstrated that mechanical compaction of
chalk can reduce porosity by up to 40% (Lind, 1993b; Fabricius, 2000; Fabricius, 2003). Schlanger
and Douglas (1974) investigated the transition between deep sea oozes and lithified chalk in
several pelagic cores spanning Recent to Upper Jurassic in age. They proposed that chalk porosity
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is reduced during a two-stage process. In the first stage, porosity reduction from 80% to 60% is
observed in the upper 200 m of the core (Schlanger and Douglas, 1974). Sediments in the upper
200 m were characterized by intact, but etched foraminifera tests, and disaggregated coccoliths
tests (Schlanger and Douglas, 1974). Porosity reduction during this stage was attributed mainly to
mechanical compaction (Schlanger and Douglas, 1974). The second stage is characterized by a
further 40% porosity reduction, which was attributed to dissolution-reprecipitation as evidenced
by the presence of severely etched coccoliths fragments and foraminifera tests, as well as LMC
void filling cements. The burial diagenetic history of chalk has been detailed by Fabricius (2003;
Fig. 2.19).
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Figure 2.18 SEM photomicrographs of chalk from the North Sea. A) Chalk characterized by micro- and nano-fossils.
Micropores are hosted between these constituents. B) Recrystallized chalk that is, at the SEM level, undistinguishable
from shallow marine microporous limestones.
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Figure 2.19 SEM photomicrographs (left) and backscatter photomicrographs of epoxy-impregnated and polished thin
sections (middle and right) from ODP Site 807 showing the development of chalk with depth. Modified after Fabricius
(2003).
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Summary
Microporosity is a common attribute of ancient Phanerozoic limestones. The vast majority
of limestone microporosity can be attributed to micropores hosted within a framework of LMC
microcrystals, which typically measure <10 µm and occur in matrix and grains. Less common
types of micropores include microvugs, microchannels, and micropores between spar cement
crystals.
Many hypotheses have been put forward to explain the origin of LMC microcrystals and
associated micropores. The vast majority of data suggests that LMC microcrystals form through
diagenetic stabilization, whereby a heterogeneous assortment of precursor sediments dominated
by metastable aragonite and HMC are converted to a more homogeneous collection of LMC
microcrystals. This is largely a constructive process in which LMC microcrystals precipitate in the
pore spaces as cement. This transformation, which is driven, at least in part, by mineralogical
stabilization is a common and fundamental process in nature. Importantly, porosity is not created
during this process, but rather inherited from the precursor sediments. The pore system is simply
rearranged.
The diagenetic environment where mineralogical stabilization takes place is poorly
understood. In modern Holocene sediments, LMC microcrystals have been observed among
aragonitic mud in contact with meteoric fluids but not in the underlying mixing zone. Experimental
investigations show that the presence of Mg inhibits mineralogical stabilization of aragonite to
LMC. However, LMC microcrystals have been observed in Neogene-age rocks, interpreted to
form in marine fluids and presumably never influenced by meteoric fluids. In ancient limestones,
on the other hand, geochemical data suggest that LMC microcrystals form during burial diagenesis
in marine-like fluids. If anything, these seemingly contradictory observations indicate the lack of
robust understanding of two of the principle types of carbonate diagenesis.
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LMC microcrystals exhibit various textures that have distinct porosities, permeabilities,
and pore throat radii. The diagenetic origin of these textures has been attributed to various
diagenetic processes. For example, granular-euhedral textures have typically been considered the
product of stabilization process. Granular-subhedral (rounded) textures have been attributed to
dissolution by corrosive fluids. Lastly, fitted textures have been interpreted to indicate
cementation. Generally speaking, most of these interpretations are based on limited evidence.
Mineralogical stabilization is governed by various controls that determine the diagenetic
product, and consequently, whether or not LMC microcrystals will develop. Some of these factors
are depositional, such as precursor mineralogy, texture, and grain size, and some of them are
diagenetic, such as fluid chemistry, temperature, and water/rock ratio. Diagenetic controls such as
fluid chemistry and water/rock ratio are more important than depositional controls in lime mud. In
contrast, depositional controls such as precursor mineralogy and microstructure are more
important in carbonate grains.
While more than half a century of research on microporosity and lime mud diagenesis
answered many questions and significantly improved our understanding, it also raised many other
questions that need investigation in the future. Among these questions are:
1. Do diagenetic LMC microcrystals carry a depositional signature that indicates mineralogy
and texture of precursor sediment?
2. What is the textural product of mineralogical stabilization?
3. How the different physiochemical factors such as temperature, fluid chemistry, precursor
mineralogy, texture, and grain size affect textures of LMC microcrystals?
4. What is the role of the different diagenetic processes, such as dissolution, compaction, and
cementation in modifying LMC microcrystal textures?
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Abstract
Magnesium (Mg) in natural waters plays a critical role in governing carbonate mineral
formation, dissolution, and diagenesis. Previous laboratory experiments show that Mg can strongly
inhibit direct calcite precipitation as well as aragonite to calcite diagenetic transformation. Data
from natural settings, however, suggest that diagenetic calcite in most Phanerozoic limestones has
formed in the shallow marine burial realm in the presence of ample Mg. Thus, the diagenetic
conditions under which aragonite-rich sediments convert to calcite-rich limestones are poorly
understood. Here, we present data from laboratory experiments whereby aragonite is converted to
calcite at 70 ℃ in Mg-bearing solutions to investigate the effects of fluid:solid ratio (F:S), which
varies greatly across diagenetic environments, on Mg inhibition and incorporation in calcite. Our
data show that not only can the transformation of aragonite to calcite occur in solutions with higher
[Mg] than previously shown possible in laboratory experiments, but that progressively lower F:S
increase the rate at which aragonite stabilizes to calcite. For example, in experiments with an F:S
of 0.3 mL/g, which corresponds to sediments in a closed system with 50% porosity, aragonite
stabilizes to calcite in solution with [Mg] = 30 mM (Mg/Ca = 5.14) when an initial high degree of
undersaturation with respect to aragonite is used and in a solution with [Mg] = 20 (Mg/Ca = 5.14)
when a low degree of undersaturation is used. In contrast, aragonite does not stabilize to calcite
after nearly 3000 h in experiments with an F:S of 100 mL/g, which is more typical of an open
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system, even in a solution with [Mg] = 5 mM (Mg/Ca = 5.14) regardless of the degree of
undersaturation. Our results also show that the amount of Mg incorporated into calcite products
increases linearly with the increase of F:S. Collectively, these observations further point to F:S as
an important factor in carbonate diagenesis with broad implications. First, the observations that
transformation of aragonite to calcite is inhibited at high [Mg] and F:S imply that calcite
precipitation is unlikely to occur in marine diagenetic environments that are in direct hydrologic
contact with seawater. This leaves aragonite dissolution as the dominant diagenetic process in
these environments, which may represent an underrated source of alkalinity to the open ocean.
Second, transformation from aragonite-rich sediments to the calcite-rich limestones that dominate
the rock record is likely promoted by a decrease in the F:S and the development of a closed system
during progressive burial.
Introduction
Aragonite is the most abundant mineral in modern-day, shallow-marine carbonate
sediments (Gischler et al., 2013) and has been for a large proportion of the Phanerozoic Eon
(Hashim and Kaczmarek, 2019). Because aragonite is a metastable phase under most Earth surface
conditions, aragonitic sediments tend to dissolve during diagenesis, and their dissolution may be
accompanied by low-Mg calcite (calcite) precipitation, which is the more stable calcium carbonate
polymorph (Morse et al., 2007). Aragonite dissolution and calcite precipitation has been referred
to in the literature as transformation, stabilization, transition, conversion, replacement,
neomorphism, and recrystallization (Hashim and Kaczmarek, 2019). Here we use the terms
stabilization and transformation interchangeably to refer to the coupled reaction of aragonite
dissolution and calcite precipitation.
Dissolution of aragonite sediment – and other carbonate minerals – is a significant
component of the various oceanic chemical cycles as it increases the buffering capacity of
seawater, allowing it to take up more atmospheric CO2 without a significant change in pH (e.g.,
Morse et al., 2006). Diagenetic stabilization/neomorphism can reset or modify the primary isotopic
and trace elemental signatures of carbonate sediments that are routinely used to reconstruct Earth
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past conditions (e.g., Burdige et al., 2010; Higgins et al., 2018; Wang et al., 2021). Furthermore,
stabilization may not necessarily be an isochemical process (Morse et al., 2007), meaning that
there could be a net removal or addition of chemical species (e.g., authigenic carbonate
precipitation), suggesting that stabilization may play a role in major elemental cycles (e.g., Torres
et al., 2020; Turchyn et al., 2021).
Numerous experimental studies have shown that aqueous Mg, the most common divalent
cation in seawater, is a strong inhibitor of calcite growth during both direct precipitation of calcite,
as well as transformation of aragonite to calcite during diagenesis (Taft, 1967; Bischoff, 1968;
Katz, 1973; Berner, 1975; Mucci and Morse, 1983; Davis et al., 2000; Astilleros et al., 2010). It
has also been shown that Mg is adsorbed and incorporated in the crystal lattice during calcite
precipitation from Mg-bearing solutions, with the amount of Mg incorporated into the growing
calcite controlled by various factors, including fluid Mg/Ca ratio, temperature, and precipitation
rate (e.g., Mucci and Morse, 1983; Mucci, 1987; Mavromatis et al., 2013; Lammers and Mitnick,
2019). The most commonly cited explanation to the inhibition of calcite growth by Mg is the
Cabrera and Vermilyea model (Cabrera et al., 1958), which suggests that Mg adsorption on calcite
blocks active growth sites (e.g., step edges and kinks), and thus retards the growth rate (e.g.,
Nielsen et al., 2013). One consequence of this model is that Mg adsorbed at growth sites may be
incorporated into the crystal lattice during continued crystal growth (Morse et al., 2007), which in
turn produces defects that can destabilize the mineral by increasing its solubility (e.g., Berner,
1975; Davis et al., 2000; De Yoreo and Vekilov, 2003). In this case, inhibition of calcite growth
by Mg occurs because of the increase in mineral solubility, and not because Mg is physically
blocking surface growth sites.
Previous laboratory studies showed that aragonite to calcite transformation is inhibited,
even at low Mg concentrations < 5% of modern seawater (Taft, 1967; Bischoff, 1968). This
observation initially led to the broad suppositions that aragonite does not stabilize to calcite in
seawater (Taft, 1967), or that aragonite must first convert to high-Mg calcite (Bischoff, 1968).
However, several subsequent studies examining the buried shallow-marine carbonate sediments
of the Great Bahama Bank (GBB) – a major aragonite-dominated bank –reported diagenetic calcite
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crystals within aragonite-dominated marine sediments at shallow burial depths (< 500 m), which
were interpreted to have formed via stabilization in seawater-derived pore-fluids (e.g., Melim et
al., 1995; Malone et al., 2001; Melim et al., 2002). In some cases, these sediments were/are in
contact with pore-fluids whose [Mg] and [Ca] closely resemble seawater (e.g., Malone et al.,
2001). Further, geochemical data from Phanerozoic limestones suggest that the vast majority of
diagenetic calcite in the rock record have formed in shallow burial from marine derived fluids
(e.g., Hasiuk et al., 2016 and references therein). Collectively, these observations suggest that
aragonite does stabilize to calcite in the presence of Mg, likely at seawater concentration, despite
our inability to experimentally replicate this process in the laboratory (e.g., Taft, 1967; Bischoff,
1968; Katz, 1973; Hashim and Kaczmarek, 2020a).
Most published laboratory studies use experiments whereby calcite is directly precipitated
from a supersaturated solution (e.g., Berner, 1975; Mucci and Morse, 1983; Davis et al., 2000;
Astilleros et al., 2010; Mavromatis et al., 2013). While these studies have advanced our
understanding of the interaction between aqueous Mg and calcite, they are most applicable to
calcite forming in open marine settings, but may be less suitable for calcites formed via
transformation of aragonite sediments during diagenesis.
Laboratory experiments showing inhibition of calcite growth by Mg during aragonite to
calcite transformation (e.g., Taft, 1967; Bischoff, 1968; Hashim and Kaczmarek, 2020a) have
traditionally used much higher F:S ratios (fluid-dominated conditions) than are common in the
marine burial realm. For example, Taft (1967) used ~ 0.2 g of aragonite and 40 ml of fluid for most
of his stabilization experiments, and Bischoff (1968) used 0.1 g of aragonite and 10 ml of fluid. In
the context of early diagenesis, such high F:S ratios may have little geologic relevance. Given that
most sediments in the shallow burial realm have porosities of ≤ 70% (e.g., Ehrenberg et al., 2006;
Kominz et al., 2011), the F:S ratios used in these experiments do not reflect the conditions where
most diagenetic calcite forms in the shallow burial setting. Unlike marine calcite cements, which
form in an open system (i.e., fluid-dominated setting), diagenetic calcite has been postulated to
form from pore-fluids in low F:S (i.e., sediment-dominated setting) (e.g., Malone et al., 2001;
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Melim et al., 2002). Accordingly, the primary objective of this study is to experimentally
investigate the effect of F:S on Mg inhibition of aragonite to calcite stabilization.
Methods
Four series of experiments (Series A-D) were performed whereby aragonite was stabilized
to calcite in Mg-bearing solutions. The experiments were conducted to test the effects of fluid:solid
ratio (F:S), bulk fluid [Mg], and the saturation state of the initial fluid with respect to (w.r.t.)
aragonite. Series A and B used a solution that was slightly undersaturated w.r.t. aragonite (Ωaragonite
= 0.77) and in equilibrium w.r.t. calcite (Ωcalcite = 1). Series C and D used a solution that was highly
undersaturated w.r.t. both aragonite and calcite (Ωaragonite = 10-6.06).
Series A and C includes four sub-sets of experiments (A1-A4 and C1-C4) designed to
evaluate the effect of F:S. All experiments in Series A and C use the same [Mg], but each set uses
a different F:S. Series B and D includes three sub-sets of experiments (B1-B3 and D1-D3), which
use the same F:S, but different fluid [Mg]. In all experiments, the fluid [Ca] was adjusted so that
the initial Mg/Ca molar ratio was = 5.14, which matches average seawater. Experimental
conditions for all Series are provided in Table 3.1. At least one experiment in each of the sets was
run in duplicate (supplemental table 3.S1).
Experimental solutions were prepared from deionized MilliQ (18.2 MΩ) water and ACS
reagent grade CaCl2.2H2O and MgCl2.6H2O. After preparing the solution at room temperature, the
beaker was placed in a constant temperature bath set to 70 ℃ ± 1. PCO2 was held constant by
bubbling a pre-humidified, commercially purified high-grade nitrogen-CO2 gas mixture of known
composition through the solution. The solution-gas mixtures were allowed to equilibrate for
several hours. Solution pH was measured using an Orion® Ross® combination pH electrode
connected to a VWR sympHony pH meter. The pH electrode was calibrated at 70 ℃ using NISTtraceable 4, 7, and 10 buffers. The solution pH was set by adding concentrated HCl or KOH titrants
to obtain the desired saturation state (Table 3.1). The saturation state of the solution w.r.t. aragonite
and calcite were determined by calculating the activity coefficient of Ca2+ using the Debye-Hückel
equation and the activity of CO32- from the pH-PCO2 pair and the thermodynamic equilibrium
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constants for the carbonic acid system (see supplemental Table 3.S1 for detailed calculations).
These calculations were confirmed using PHREEQC (Parkhurst and Appelo, 2013) with the LLNL
database. PHREEQC was also used for the calculations presented in Figure 3.5. In this case, the
carbonic acid system was constrained using the alkalinity - PCO2 pair. Because these calculations
were done for a seawater sample, Pitzer database was used due to its suitability for high ionic
strength solutions.
Table 3.1 Summary of experimental conditions.
Experiment
Set*

Fluid
volume
(mL)

Fluid:solid
ratio
(mL/g) †

[Mg] in
fluid
(mM)

A-1
A-2
A-3
A-4
B-1
B-2
B-3
C-1
C-2
C-3
C-4
D-1
D-2
D-3

15.00
0.30
0.12
0.05
0.05
0.05
0.05
15.00
0.30
0.12
0.05
0.05
0.05
0.05

100.0
2.2
0.8
0.3
0.3
0.3
0.3
100.0
2.2
0.8
0.3
0.3
0.3
0.3

5
5
5
5
10
20
30
5
5
5
5
10
20
30

[Ca] in
fluid
(mM)

0.97
0.97
0.97
0.97
1.95
3.88
5.83
0.97
0.97
0.97
0.97
1.95
3.88
5.83

n Mg in
fluid
(µmol)

Initial
Ωarag

Initial
Ωcalc

75.00
1.65
0.60
0.25
0.50
1.00
1.50
75.00
1.65
0.60
0.25
0.50
1.00
1.50

0.77
0.77
0.77
0.77
0.77
0.77
0.77
8.79E-07
8.79E-07
8.79E-07
8.79E-07
8.79E-07
8.79E-07
8.79E-07

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.15E-06
1.15E-06
1.15E-06
1.15E-06
1.15E-06
1.15E-06
1.15E-06

* All experiments use 0.15 g of aragonite a solid reactant, a temperature of 70 ℃, and an initial fluid Mg/Ca of 5.14.
† Fluid:solid ratios of 0.8 mL/g and 0.3 mL/g correspond to sediments in a closed system with 70% and 50%
porosities, respectively (Equation 2).

All experiments use single crystal aragonite as a solid reactant, which was pulverized using
an agate mortar and pestle, sieved to obtain the < 63 μm size fraction, and annealed at 200 °C for
4 h to reduce defect-associated strain. Mineralogy of the solid reactant was determined using
standard powder x-ray diffraction (XRD) analysis, which confirmed that reactants are > 99%
aragonite and < 1% low-Mg calcite. Elemental composition of the aragonite reactants was
confirmed using inductively-coupled plasma mass spectrometry (ICP-MS), which indicate that the
aragonite reactants contain 0.71 mg/g Mg and 2.02 mg/g Sr.
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The highest F:S (15 mL/0.15 g = 100) in our experiments was intended to represent
stabilization/neomorphism in a fluid-dominated setting (e.g., sediment-water interface). The
lowest F:S ratio (0.05 mL/0.15 g = 0.3), in contrast, was intended to represent stabilization in a
closed system of sediments with 50% porosity. Although a porosity of 50% is more typical of
mud-dominated carbonate sediments in shallow burial settings (e.g., Kominz et al., 2011), and that
coarse grained sediments are generally less porous (e.g., Ehrenberg et al., 2006), using a F:S ratio
lower than 0.3 mL/g was technically challenging. Preliminary experiments with F:S of 0.18 mL/g
(i.e., porosity = 35%) showed that the very small fluid volume did not completely mix with the
solid reactant likely due to surface tension and aragonite hydrophobicity. Accordingly, the lowest
F:S used was 0.3 mL/g, which was calculated using the following equation assuming an aragonite
density of 2.93 g.cm-3:
fluid

=
solid

porosity

(1)

(1-porosity) * density

All stabilization experiments were performed in Teflon-lined stainless steel acid digestion
vessels charged with solid and fluid reactants. Sealed reaction vessels were placed into pre-heated
convection ovens set to 70 °C for predetermined times based on previous work by Hashim and
Kaczmarek (2020b). Upon removal from the oven, reaction vessels were immediately cooled to
room temperature using forced air. Solid and fluid contents were then separated using a vacuum
flask. Solid contents were rinsed in DI water and dried in a vacuum desiccator. Fluids were
centrifuged multiple times and stored in plastic vials for elemental analyses.
Standard powder XRD techniques were used to determine the mineralogy of solids
following the methods described in Hashim and Kaczmarek (2020a). Percent calcite in
experimental products was calculated using the intensities of aragonite 111 peak and calcite 104
peak. Scanning electron microscope (SEM) imaging was performed on a JEOL 7500F using an
accelerating voltage of 20 kV and a working distance of 10 mm. Samples were coated with a 10
nm of osmium to reduce the charging effect.
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[Ca], [Mg], and [Sr] in the fluids, [Ca] and [Mg] in solid products, and [Sr] in solid
reactants were measured on a Thermo Scientific Quadrupole-ICP-MS (iCAP Q) equipped with an
Elemental Scientific PrepFAST 2 Automation System. Solids were dissolved in 2% HNO3 (w/v)
(Optima grade). All samples were measured against matrix-matched standards. Sensitivity drift
was corrected for with standard-sample bracketing methods.
Results
Mineralogical and geochemical data are compiled in supplemental table 3.S1. In all cases,
and consistent with previous studies (e.g., Katz, 1973; Davis, 2000), aragonite reactants stabilize
to calcite polyhedral microcrystals (Fig. 3.1). Plots of percent calcite versus reaction time for all
experiments are shown in Figure 3.2. Reaction curves are fitted to the experimental data using a
modified version of Avrami equation (Avrami, 1939):
𝑛

𝑦 = 𝐴(1 − 𝑒 −𝑘𝑥 )

(2)

where y = calcite product (%), x = reaction time (hours), and A, k, and n are constants that
are given in Table 3.2. The constant n is characteristic of the nucleation and growth processes, k
is the Avrami kinetic constant (Avrami, 1939), and A is a scaling factor to convert y values to
percent.
Results from Series A show that calcite products formed in detectable amounts in the
lowest F:S experiments of 0.3 mL/g (Experiment A-4). In contrast, no calcite products were
detected in experiments conducted at higher F:S (Experiments A-1, A-2, and A-3) after 3018 h for
Experiment A-1 and 1560 h for Experiments A-2 and A-3 (Fig. 3.2a). Results from Series B show
that calcite formed in experiments using fluid [Mg] = 10 mM and 20 mM (Experiments B-1 and
B-2) but not in fluid [Mg] = 30 mM (Experiment B-3). Further, the overall reaction rate and the
induction period (the period during which no products are observed) correlate negatively with fluid
[Mg] (Fig. 3.2b).
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Results from experimental Series C show that calcite products formed in experiments that
use F:S ≤ 2 mL/g (Experiments C-2, C-3, and C-4). In these experiments, the overall reaction rate
exhibits a negative correlation with F:S (Fig. 3.2c). In contrast, no calcite was detected in
experiments that use F:S of 100 mL/g after 2996 h (Experiment C-1). Results from experimental
Series D show that the overall aragonite to calcite reaction rate correlates negatively with fluid
[Mg] (Fig. 3.2d). For example, aragonite stabilizes to > 80% calcite after ~ 720 h in fluid [Mg] =
10 mM (Experiment D-1) but it takes 1300 h for aragonite to stabilize to > 80% calcite in fluid
[Mg] = 30 (Experiment D-3).
Table 3.2 Avrami rate equation constants (Eq. 2) for reaction curves shown in Figure 3.2.

Experimental Set
A-4
B-1
B-2
C-2
C-3
C-4
D-1
D-2
D-3

A
98
99
99
99
99
98
96
90
95

k
2.90E-07
3.67E-08
1.91E-08
1.00E-08
3.50E-10
5.00E-08
5.74E-10
1.50E-08
3.30E-10

n
2.71
2.63
2.65
3.00
4.00
3.18
3.32
2.70
3.15

Elemental data from Experiment C-2 show a decrease in fluid [Mg] and an increase in [Sr]
with reaction time (Fig. 3.3). Fluid [Ca] initially increases with reaction time then decreases prior
to calcite formation (Fig. 3.3). All calcites produced in Experiment C and Experiment A-1 contain
Mg, the amount of which is proportional to F:S (Fig. 3.4). More specifically, higher F:S ratios
correlate with higher Mg/Ca in the calcite products (Fig. 3.4). In contrast, a weak correlation (R2
= 0.009) is observed between Mg/Ca in the calcite products and fluid [Mg] for experiments that
used the same F:S (A-4, B-1, and B-2).
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Figure 3.1 (A) SEM image of the pulverized, sieved, and annealed single crystal aragonite used as a reactant in all
experiments. (B) SEM image of calcite polyhedral microcrystals that resulted from the stabilization of aragonite. This
image is for calcite from experiment B-1-5, which used a solution with [Mg] = 10 mM, [Ca] = 1.95 mM, fluid to solid
ratio = 0.3 mL/g, and a reaction time = 815 hours.

Discussion
The following discussion hinges on four key observations regarding the role of fluid:solid
ratio (F:S) on aragonite to calcite stabilization/neomorphism, which are summarized here.
Specifically, lower F:S ratios are observed to: (i) permit stabilization at 70 ℃ from aragonite to
low-Mg calcite (calcite) in Mg-bearing fluids (Fig. 3.2a), (ii) increase the overall rate of aragonite
to calcite transformation (Fig. 3.2c), (iii) permit stabilization in fluids with higher [Mg] than have
been previously shown possible (Fig. 3.2b and 3.2d), and (iv) decrease the amount of Mg
incorporated in calcite (Fig. 3.4).
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Figure 3.2 Plots of reaction time versus percent calcite products for all experiments. Reaction curves were fitted to the
data using Avrami equation (Eq. 2). Plot A presents data from Experimental Series A which used a low degree of
undersaturation with respect to aragonite, [Mg] = 5 mM, and various fluid to solid ratios (F:S). The reaction curve
was fitted to Experiment A-4 because it was the only Experiment in Series A that produced calcite. Plot B presents
data from Experimental Series B, which used a low degree of undersaturation, F:S of 0.3 mL (representative of
sediments with 50% porosity in a closed system), and various [Mg]. Plot C presents data from Series C, which used a
high degree of undersaturation, [Mg] = 5 mM, and various F:S. Plot D presents data from Experimental Series D,
which used a high degree of undersaturation, F:S of 0.3 mL, and various [Mg]. In all experiments, the initial fluid
Mg/Ca ratio is 5.14.

The effect of F:S on Mg inhibition of stabilization
Stabilization involves two general reactions: aragonite dissolution and calcite precipitation.
Aqueous Mg does not interfere with aragonite dissolution (Morse et al., 2007), but it has long been
documented to have a strong retarding effect on calcite nucleation and growth (e.g., Taft, 1967;
Berner, 1975; Mucci and Morse, 1983; Davis et al., 2000; Mavromatis et al., 2013). Our results
show that all experiments that ultimately produced calcite are characterized by an initial induction
period during which no calcite forms in a detectable amount (Fig. 3.2). The duration of the
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induction period shortens with the decrease of fluid [Mg] (Fig. 3.2b and 3.2d) and with the decrease
of the F:S (Fig. 3.2a and 3.2c). That is, calcite takes less time to form when fluid [Mg] and F:S are
lower. The induction period has been suggested to represent the period during which aragonite
dissolves and calcite nucleates (Bischoff, 1968). What lengthens the induction period is likely the
adsorption of Mg on calcite nuclei, which has been suggested by numerous authors to block active
growth sites or destabilizes calcite by increasing its solubility (Davis et al., 2000; Morse et al.,
2007; Nielsen et al., 2013). This interpretation is consistent with previous studies (e.g., Taft, 1967;
Bischoff, 1968) and is supported by the observation that during the induction period, fluid [Mg]
decreases with reaction time (Fig. 3.3), likely due to Mg adsorption and incorporation into calcite
(Fig. 3.4), resulting in subsequent stabilization occurring in a solution depleted in Mg.

Figure 3.3 Cross plot showing the evolution of fluid [Ca], [Mg], and [Sr] during the aragonite to calcite stabilization
reaction for Experiment C-2 (high degree of undersaturation, [Mg] = 5 mM and fluid:solid ratio = 2 mL/g).
Experiment C-2 is characterized by an induction period of ~ 600 hours during which no calcite forms (Fig. 3.2C). This
plot shows that, during the induction period, [Mg] decreases, [Sr] increases, and [Ca] increases during the first 450
hours then decreases prior to the formation of calcite. Following calcite formation, [Ca], [Mg], and [Ca] remain nearly
constant.

To better understand the role of Mg during stabilization, a closer look at this coupled
reaction is required. The reaction in our experiments is envisioned to start off with the dissolution
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of some of the aragonite reactant, the amount of which depends on the initial degree of
undersaturation (Section 4.2). Aragonite dissolution is evidenced by the increase in fluid [Ca] and
[Sr] with reaction time (Fig. 3.3). Aragonite dissolution continues until equilibrium w.r.t. aragonite
is reached, at which point the solution is also supersaturated w.r.t. calcite because calcite is less
soluble than aragonite (Morse et al., 2007). Consequently, calcite begins to nucleate and grow
while adsorbing Mg from the solution until the solution is saturated w.r.t. calcite. Because a
solution that is saturated w.r.t. calcite is also undersaturated w.r.t. aragonite, precipitation of calcite
would result in further dissolution of aragonite. This coupled aragonite dissolution and calcite
precipitation continues until all the aragonite reactant is consumed. If Mg is present in small
concentrations, it can be adsorbed and incorporated into calcite, which leads to its partial or
complete removal from the solution as observed in Experiment C-2 (Fig. 3.3), thus the stabilization
reaction can continue. Given that only a small amount of Mg is incorporated into calcite, the
resultant calcite would still be low-Mg calcite (i.e., contains < 4 mol% MgCO3) with similar or
even lower solubility than pure calcite (Morse et al., 2007). In the case of high fluid [Mg], however,
the initial adsorption and incorporation of Mg into calcite does not significantly remove Mg from
the solution. In this case, the remaining high fluid [Mg] can retard the overall reaction by inhibiting
calcite growth, which may explain why experiments with higher fluid [Mg] exhibited slower
reaction rates or produced no calcite at all (Fig. 3.2b and 3.2d).

Figure 3.4 Cross plot showing an increase in Mg/Ca in calcite products with the increase in fluid:solid ratio. All
experiments in this figure used an initial fluid with [Mg] = 5 mM and Mg/Ca = 5.14.
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Whereas it is relatively straightforward to explain the effect of fluid [Mg] on the inhibition
of aragonite to calcite stabilization, the observation that lower F:S enables stabilization and
corresponds to faster reaction rates (Fig. 3.2a and 3.2c) requires further elucidation. The fact that
stabilization is a coupled dissolution - precipitation reaction means that the chemical ingredients
required for calcite growth (i.e., Ca2+ and CO32-) are supplied by the dissolving aragonite. Ideally,
in a pure solution that is devoid of any chemical inhibitors, F:S is not expected to exert an effect
on the reaction other than a possible impact on the diffusion of the various chemical species
(Hashim and Kaczmarek, 2020a). Yet, in the presence of a kinetic inhibitor such as Mg, higher
fluid volumes means that the amount of Mg would be higher because total number of moles of Mg
is determined not only by its concentration but also by fluid volume. Thus, decreasing the fluid
volume, which lowers the F:S, has the same effect on the total amount of Mg in the solution as
lowering Mg concentration. In both cases, a smaller amount of Mg can be more effectively pulled
out of the solution by being incorporated into calcite (Section 4.3).
The hypothesis that stabilization is inhibited by total available aqueous Mg and not Mg
concentration better explains our observations that induction period duration decreases, and the
overall reaction rate increases with the decrease of [Mg] and F:S (Fig. 3.2). More specifically,
aragonite reactants in Experiments A-1 and C-1 did not stabilize to calcite despite low fluid [Mg]
(5 mM), likely because of the high F:S, which leads to a relatively high amount of Mg (75 µmol)
(Fig. 3.2a and 3.2c). In contrast, aragonite reactants in Experiments B-1, B-2, D-1, D-2, and D-3
stabilized to calcite despite fluid [Mg] being higher than Experiments A-1 and C-1 (10 mM in B1 and D-1, 20 mM in B-2 and D-2, and 30 mM in D-3), likely because of the low F:S, which leads
to relatively small Mg amounts (0.50, 1.00, and 1.50 µmol, respectively) (Table 3.1; Fig. 2.3).
One implication of this line of reasoning is that mineralogical stabilization of metastable
carbonates in marine-derived pore-fluids may be promoted by a decrease in the F:S during burial.
It is well known that sediments become increasingly compacted and gradually lose porosity with
depth (e.g., Ehrenberg et al., 2006; Kominz et al., 2011), which necessarily causes a decrease in
the F:S. This means that as burial increases, the sediments are in contact with less fluid and thus
less total available Mg in pore fluids, which perhaps allows aragonite dissolution to be
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accompanied by calcite precipitation from pore-fluids with high [Mg]. Increased burial also
hydrologically isolates sediments from seawater – the vast source of Mg – effectively preventing
pore-fluid Mg from being replenished as it decreases due to its incorporation into the growing
calcite.

Figure 3.5 Model of Mg/Ca ratio in a seawater solution at equilibrium with aragonite as a function of aragonite initial
saturation state. The calculations were performed for a seawater sample with initial Mg/Ca ratio of 5.14 at 25 ℃ and
1 bar. For an example of how to read this graph, the dissolution of aragonite in a seawater sample with a saturation
state (Ωaragonite) of 0.01 would decrease the Mg/Ca ratio from 5.14 to ~ 4.7 when the solution is at equilibrium with
aragonite (Ωaragonite = 1).

The role of the saturation state
Although our experiments exhibit similar trends regarding the effect of F:S on
stabilization/neomorphism regardless of initial saturation state (Fig. 3.2), two major differences
are noted: (i) stabilization in the far from equilibrium experiments occurred in the [Mg] = 30 mM
solution but not in the near equilibrium experiments with the same fluid [Mg], and (ii) in equivalent
experiments, the far from equilibrium experiments exhibited overall faster stabilization rates than
the near equilibrium experiments (Fig. 3.2). To explain these observations, the effect of the initial
saturation state on the stabilization reaction is considered. As discussed in Section 4.1, the
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stabilization reaction starts with aragonite dissolution, and the amount of aragonite that dissolves
is determined by the degree of undersaturation. Higher initial degree of undersaturation permits
more aragonite to dissolve before equilibrium w.r.t. aragonite is attained. The dissolving aragonite
releases Ca2+ into the solution which necessarily decreases the Mg/Ca ratio. Accordingly, when
the starting fluids are more undersaturated w.r.t. aragonite, more aragonite is dissolved, and thus
Mg/Ca ratio would be lower in the fluid from which calcite precipitates. This could explain the
observed differences between experiments conducted at high and low degrees of undersaturation
(Fig. 3.2) since a low Mg/Ca ratio permits stabilization even if [Mg] is high (Section 4.3). To
further explore the effect of the initial saturation state on solution chemistry, we calculated the
fluid Mg/Ca ratio when equilibrium w.r.t. aragonite is reached after aragonite dissolution as a
function of the initial degree of undersaturation. These calculations were performed for a solution
of average seawater composition with initial Mg/Ca = 5.14 at 25 ℃ and 1 bar (Fig. 3.5). The
calculations show that a large degree of undersaturation is required to produce a substantial
decrease in the Mg/Ca ratio. For example, if the initial Ωaragonite is 0.1, the Mg/Ca ratio when the
solution is in equilibrium with aragonite (Ωaragonite is 1) would decrease from 5.14 to 4.97, or by
3%, and if Ωaragonite is 0.001, Mg/Ca would decrease to 4.51, or by 12% (Fig. 3.5).
It should be noted that, in diagenetic environments, several redox reactions within
sediments, including oxidation of organic matter and sulfide and reduction of sulfate (Morse et al.,
1985; Walter and Burton, 1990; Sanders, 2003; Morse et al., 2007; Present et al., 2021), can
continuously release CO2 into pore-fluids, which decreases the solution pH and thus the saturation
state. This implies that pore-fluids may not be highly undersaturated at any given time, yet the
continuous release of CO2 could maintain pore-fluid undersaturation and thus causes significant
aragonite dissolution and substantial decrease in Mg/Ca ratio. Accordingly, while the initial degree
of undersaturation is important, the amount of acid produced over time is more important in
dictating how much aragonite is dissolved. It is therefore more accurate to say that a high degree
of undersaturation or a relatively large volume of acid release are required to cause significant
aragonite dissolution and substantial decrease in Mg/Ca ratio.
Evolution of fluid Mg/Ca during stabilization
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It has been shown that stabilization/neomorphism of aragonite to calcite and direct
precipitation of calcite may occur even when [Mg] is high, given that Mg/Ca ratio is low (Katz,
1973; Morse et al., 1997). Katz (1973), for example, stabilized aragonite to calcite at 25 ℃ in a
solution containing [Mg] = 40 mM and [Ca] = 100 mM (Mg/Ca = 0.4). Based on this observation,
Katz (1973) postulated that a decrease in the Mg/Ca ratio is required for stabilization to occur in
marine diagenetic environments, and further speculated that this would happen via aragonite
dissolution through in situ production of acid, which would increase fluid [Ca]. Subsequent studies
have indeed shown that pore-fluid [Ca] can increase with depth, causing a decrease in Mg/Ca ratio
(Eberli et al., 1997; Swart, 2015 and references therein). Some of our data support the hypothesis
that aragonite dissolution can increase fluid [Ca] and thus significantly decrease Mg/Ca ratio prior
to calcite formation (Fig. 3.3). The increase in fluid [Sr] with reaction time further supports the
occurrence of aragonite dissolution (Fig. 3.3). However, it is important to emphasize that a
significant increase in fluid [Ca], and the accompanied decrease in Mg/Ca ratio, as a result of
aragonite dissolution is expected only when the initial degree of undersaturation is high, such as
in experiment C-2 shown in Figure 3.3. When the degree of undersaturation is low, aragonite
dissolution is incapable of decreasing Mg/Ca ratio considerably (Fig. 3.5).
While it is established that aragonite dissolution can effectively decrease Mg/Ca ratio, an
important question arises: Is the decrease in fluid Mg/Ca ratio a prerequisite for aragonite to calcite
stabilization in marine diagenetic environments? Malone et al. (2001) observed diagenetic calcite
in the subsurface of the slope of the GBB over a depth interval where the pore-fluid [Ca] and [Mg]
– and thus Mg/Ca – are similar to modern seawater. They further reported that the appearance of
diagenetic calcite is coincident with a gradual decrease in pore-fluid [Mg], though no significant
increase in pore-fluid [Ca] was observed. Collectively, these observations, and those presented in
the current study, suggest that a decrease in Mg/Ca ratio prior to stabilization is not required.
Instead, we propose here that the process of stabilization in low F:S settings and a closed system
is capable of decreasing the fluid Mg/Ca ratio via adsorption and incorporation of Mg into calcite.
This may represent an alternative mechanism by which stabilization occurs in case little or no
aragonite dissolution takes place to decrease Mg/Ca ratio significantly.
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The above hypothesis is supported by results showing that fluid [Mg] decreases before
calcite forms in any detectable quantities (Fig. 3.3). This decrease in [Mg] is most likely associated
with Mg adsorption on calcite nuclei and its subsequent incorporation during continued crystal
growth (Fig. 3.4). Interestingly, incorporation of Mg from the fluid during crystal growth can
significantly decrease Mg/Ca ratios only when fluid volume is small (i.e., low F:S). For example,
in 1 L of seawater, the removal of 3 mmol of Mg from the fluid will change the fluid Mg/Ca ratio
from 5.14 to 4.85, or by only 6 %. In contrast, in 0.1 L of seawater, the removal of 3 mmol Mg
will change the Mg/Ca ratio of the fluid from 5.14 to 0.22, or by 96 %. Given that the amount of
Mg incorporated into calcite is determined by Mg partition coefficient (DMg), the decrease in fluid
Mg/Ca ratio due to Mg incorporation into calcite can be calculated as a function of F:S ratio.
Assuming a closed system and a pore-fluid in near equilibrium with aragonite and with Mg/Ca
ratio of 5.14, the evolution of fluid Mg/Ca ratio as a function of F:S for several DMg is presented
in Figure 3.6 (see supplemental materials regarding calculations). Unsurprisingly, the calculations
show that higher DMg correspond to a greater decrease in fluid Mg/Ca ratio as F:S decreases (Fig.
3.6). They also show that when the F:S is high (> 1000 mL/g), fluid Mg/Ca ratio does not decrease
below 4 regardless of DMg (Fig. 3.6). In contrast, when F:S is low (< 30 mL/g), fluid Mg/Ca ratio
drops substantially even for the smallest DMg = 0.0008 of Baker et al. (1982). These calculations
illustrate that in low F:S scenarios, the process of stabilization is capable of decreasing fluid M/Ca
ratio considerably even when DMg is small. How low F:S needs to be for a given decrease in fluid
Mg/Ca ratio depends on DMg.
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Figure 3.6 The modeled decrease in fluid Mg/Ca ratio during aragonite to calcite stabilization as a function of fluid to
solid ratio (F:S) for different Mg partition coefficients (DMg). The calculations used an initial Mg/Ca ratio of 5.14 and
assumed a closed system. See supplemental materials for more details regarding calculations and partition coefficients.
The fluid Mg/Ca ratio decreases as a result of stabilization because Mg is removed from the solution due to its
incorporation into calcite while Ca required for calcite growth is provided by aragonite. The decrease is more
prominent at low F:S because there is less amount of Mg in the solution when the fluid volume is small. For an
example of how to read this graph, if fluid to solid ratio is 100 mL/g, stabilization of aragonite to calcite would decrease
the fluid Mg/Ca ratio from 5.14 to ~ 3 if the DMg of Mucci and Morse (1983) is used.

It is also possible to calculate the amount of Mg incorporated into calcite during
stabilization/neomorphism in a closed system as a function of F:S (Fig. 3.7; details in supplemental
materials). It is observed that the calcite mol% MgCO3 is dictated by the DMg when F:S is high
(Fig. 3.7). As F:S decreases, however, less Mg is incorporated into calcite than predicted by DMg
because there is not enough Mg in the solution to satisfy the amount of Mg predicted by the DMg.
The exact F:S below which Mg in solution become insufficient to produce calcite with the amount
of Mg predicted by DMg is directly proportion to DMg. Importantly, the calculations in Figure 3.7
predict that calcite with < 4 mol% MgCO3 would precipitate from a solution with initial Mg/Ca
ratio of 5.14 given that the F:S is < 7 mL/g regardless of DMg. Importantly, these predictions are
consistent with our experimental data, which demonstrate that the Mg/Ca in calcite is proportional
to the F:S (Fig. 3.4). That is, the amount of Mg incorporated into calcite increases with the increase
of the F:S despite initial [Mg] and Mg/Ca ratio being the same.
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Figure 3.7 The modeled Mol% MgCO3 incorporated into calcite stabilized from aragonite in a closed system for
different Mg partition coefficients (DMg) plotted as a function of fluid to solid ratio (F:S). When F:S is high, MgCO3
in calcite is controlled by DMg. As F:S decreases, the amount of Mg in the fluid becomes insufficient to satisfy the
amount of Mg required by the DMg which leads to the decline of MgCO3 in calcite. Note that below a F:S of 7 mL/g,
a calcite with < 4 mol% MgCO3 (low-Mg calcite) would precipitate regardless of DMg. See supplemental materials for
calculation details. The increase in MgCO3 with the decrease of F:S for the curve of Mucci and Morse (1983) is also
discussed in supplemental materials.

Implications for marine diagenesis
Given that aragonite is metastable under Earth surface conditions (Morse et al., 2007),
dissolution of aragonite sediments is a common process in meteoric, mixing, and marine diagenetic
environments (Morse et al., 1985; Melim et al., 1995; Melim et al., 2002; Sanders, 2003; James et
al., 2005; Cherns and Wright, 2009; Present et al., 2021). In marine diagenetic environments,
dissolution is driven by pore-fluid undersaturation with respect to (w.r.t.) aragonite which has been
commonly attributed to organic matter and sulfide oxidation and sulfate reduction (Morse et al.,
1985; Walter and Burton, 1990; Present et al., 2021). A key question is whether aragonite
dissolution would be accompanied by calcite precipitation.
If pore-fluids are supersaturated w.r.t. calcite, aragonite dissolution would potentially be
followed by calcite precipitation. In marine environments, the precipitating calcite would
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incorporate Mg, the amount of which (mol% MgCO3) depends on several factors including fluid
Mg/Ca ratio, fluid:solid ratio (F:S), temperature, and precipitation rate (e.g., Fig. 3.4; Katz, 1973;
Mucci and Morse, 1983; Mavromatis et al., 2013; Lammers and Mitnick, 2019). Most
experimental studies show that, at 25 ℃, a solution with a modern seawater Mg/Ca ratio of 5.14
would precipitate calcite with MgCO3 of ~ 8 mol% (Morse et al., 2006; and references therein).
Furthermore, marine calcite that precipitates presumably inorganically in shallow water depths in
tropical and subtropical regions typically contains ~ 12 mol% MgCO3 (Hover et al., 2001; Morse
et al., 2006; 2007; Burdige et al., 2010). Based on these observations, low-Mg calcite (calcite) is
unlikely to precipitate in diagenetic environments that are in hydrological contact with seawater
where Mg/Ca ratio is relatively high. If pore-fluids are only slightly supersaturated w.r.t. calcite,
HMC is also unlikely to precipitate because HMC solubility increases with Mg content (Morse et
al., 2006), making pore-fluids undersaturated or, at best, in equilibrium w.r.t. most HMC phases.
Even if it precipitates, HMC is fated to dissolve because it is, like aragonite, a metastable phase.
Accordingly, the inhibitory effect of Mg represents one of the major kinetic reasons that limit
calcite precipitation in marine diagenetic environments, in addition to other factors (e.g., Turchyn
et al., 2021). This leaves aragonite dissolution as the dominant process in the marine diagenetic
environment that is hydrologically open to seawater. Data and calculations from the present study
suggest that aragonite dissolution accompanied by low-Mg calcite precipitation (i.e., stabilization)
is promoted by a decrease in the F:S and the development of a closed system. Such conditions
occur naturally during burial, which leads to lower porosity (Ehrenberg et al., 2006; Kominz et al.,
2011) and thus lower F:S as well as hydrologic isolation from seawater (Swart, 2015). Thus, we
hypothesize that, aragonite dissolution is the dominant process in the fluid buffered interval in
marine diagenetic environments whereas aragonite to calcite stabilization is the dominant process
in the sediment buffered interval. This hypothesis is consistent with the observations of Melim et
al. (2002) who identified two styles of marine-burial diagenesis in the GBB and its margin: open
system characterized by aragonite dissolution with no significant calcite precipitation and closed
system characterized by aragonite dissolution and calcite precipitation (i.e., stabilization).
The above hypothesis has several implications. First, it provides an explanation for the
proposition that the vast majority of diagenetic low-Mg calcite in Phanerozoic limestones has
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stabilized from aragonite in marine diagenetic environments (e.g., Kaczmarek et al., 2015; Hasiuk
et al., 2016; Hashim and Kaczmarek, 2019 and references therein). One of the key aspects of the
hypothesis is that no special conditions are required for stabilization to occur in seawater-derived
pore-fluids other than the natural burial of sediments. Second, our hypothesis has significant
implications for models that attempt to quantify the diagenetic impact on the geochemical
signatures of marine carbonates (e.g., Ahm et al., 2018; Higgins et al., 2018; Wang et al., 2021).
In general, most models assume that stabilization/neomorphism of aragonite to calcite in marine
diagenetic environments takes place in both fluid-buffered and sediment-buffered intervals, which
may not necessarily be the case based on our findings. Third, the proposition that aragonite
dissolution is the dominant process in the diagenetic interval that is hydrologically open to
seawater implies that aragonite dissolution could be a significant source of alkalinity to the ocean
(Burdige et al., 2010) since aqueous Ca2+ and HCO3- are less likely to re-precipitate as calcite. The
magnitude of contribution from aragonite dissolution to the alkalinity cycle is dependent on the
extent of the acid-producing processes that promote and maintain pore-fluid undersaturation w.r.t.
aragonite (Morse et al., 1985; Walter and Burton, 1990) as well as advection and diffusion rates
within sediments which carry aqueous species (Ca2+ and HCO3-) to the ocean. Lastly, the
hypothesis provides an explanation to previous suggestions that sedimentation/accumulation rates
reflect diagenetic loss of aragonite in addition to primary productivity (Sanders, 2003), and that a
significant proportion of aragonite sediments is recycled back to the ocean and does not make it to
the rock record (James et al., 2005). The proportion of aragonite that dissolves versus stabilizes to
calcite is yet to be estimated.
The applicability of experiments to natural settings
Laboratory investigations of carbonate mineral kinetics often focus on one process (e.g.,
dissolution or precipitation) and one mineral (e.g., Berner, 1975; Mucci and Morse, 1983; Davis
et al., 2000; Astilleros et al., 2010; Mavromatis et al., 2013). Studying the effect of fluid:solid ratio
(F:S) in the context of carbonate diagenesis, however, requires considering both aragonite
dissolution and calcite precipitation concurrently (i.e., stabilization) as we have done here. While
most studies typically employ a relatively high degree of disequilibrium so that reaction kinetics
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are fast enough to be studied in a reasonable period of time since reaction kinetics generally
increase with distance from equilibrium (Morse et al., 2007; Hashim and Kaczmarek, 2021), this
cannot be done for aragonite to calcite stabilization. This is because the equilibrium constant Keq
of aragonite (10-8.34 at 25 ℃ and 1 atm.) is only slightly higher than Keq of calcite (10-8.48) which
means that if one maintains a highly supersaturated solution w.r.t. calcite, to increase its
precipitation rate, the solution would also be unavoidably supersaturated w.r.t. aragonite, which
prevents aragonite dissolution. Similarity, if one maintains a highly undersaturated solution w.r.t.
aragonite, to increase the dissolution rate, the solution would also be undersaturated w.r.t. calcite.
One can, of course, start with a high degree of disequilibrium and let the solution drift freely
towards equilibrium, yet in such a case the solution would quickly be buffered by aragonite
dissolution and starts to oscillate around equilibrium. Therefore, aragonite to calcite stabilization
must be studied near equilibrium, which leads to slow reaction rates. One solution to increase
stabilization kinetics, which we adopted, is by increasing temperature because kinetics is directly
proportional to temperature (Morse et al., 2007).
Increasing the reaction temperature in laboratory experiments comes at the expense of
deviating from the natural conditions at which stabilization is postulated to occur. Temperature is
known to exert significant impacts on reaction rates and Mg incorporation into calcite (e.g., Katz,
1973; Mucci, 1987). Regarding reaction rates, we do not think that our high temperature
experiments, like nearly all other experiments, quantitatively resemble reaction rates in natural
settings. However, that does not make our results inapplicable to understanding the natural
diagenetic processes. Regarding Mg incorporation into calcite, the direct relationship between Mg
incorporation into calcite and temperature is well documented (Mucci, 1987), suggesting that at
lower temperatures, calcite would incorporate even less Mg but will certainly take longer time to
form. Furthermore, our experiments used dilute solutions compared to pore-fluids in marine
diagenetic environments which are derived from seawater. In seawater-like solutions, ion pairing,
complexation, and the presence of organics and other chemical inhibitors can strongly impact
calcite precipitation rate and Mg incorporation into calcite (Morse et al., 2007). Accordingly,
caution must be taken when extrapolating our experimental results to natural systems.
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Conclusions
This study uses laboratory experiments to demonstrate the effects of fluid:solid ratio (F:S)
on aragonite to calcite stabilization (aragonite dissolution and calcite precipitation) in Mg-bearing
fluids. The data show that lower F:S ratios: (i) enable stabilization of aragonite to calcite in Mgbearing fluids, (ii) permit stabilization in fluids with higher [Mg] than has been previously shown
possible, and (iii) lower the amount of Mg incorporated into calcite products. Taken together, these
findings point to F:S as an important factor in controlling stabilization of carbonate sediments,
with broad implications for where and how diagenetic calcites form in natural settings. First, the
observations that stabilization (i.e., calcite growth) is inhibited by high [Mg] and F:S imply that
stabilization does not occur in marine diagenetic environments that are hydrologically open to
seawater. This leaves aragonite dissolution as the dominant process in these environments, which
may represent an underrated source of alkalinity to the ocean. Second, stabilization from aragoniterich sediments to calcite-rich limestones may be promoted by a decrease in the F:S and the
development of a closed system. Such conditions occur naturally as burial increases, which leads
to lower porosity and thus lower F:S as well as hydrologic isolation from seawater. The hypothesis
that aragonite dissolution is the dominant process in open system diagenetic environments whereas
aragonite stabilization to calcite dominates in closed system environments is supported by
observations from the natural settings and have important implications for studies that model the
effect of diagenesis on geochemical proxies.
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Appendix
Table 3.S1. Calculations of the saturation state of aragonite and calcite in the initial solution for all experimental sets.

[Cl] (mM)

Ionic
strength
(M)

γCa2+*

aCa2+ (M)

pH at
T

aH+ (M)

aCO32- (M)†

Ω arag‡

Ω calc‡

5

11.94

0.02

0.50

4.88E-04

8.06

8.660E-09

2.78134E-06

7.66E-01

1.00E+00

Experimental
Set

[Ca]
(mM)

[Mg]
(mM)

A

0.97

B-1

1.94

10

23.88

0.04

0.38

7.47E-04

7.97

1.071E-08

1.81717E-06

7.66E-01

1.00E+00

B-2

3.88

20

47.76

0.07

0.27

1.05E-03

7.90

1.272E-08

1.28922E-06

7.66E-01

1.00E+00

B-3

5.83

30

71.66

0.11

0.21

1.24E-03

7.86

1.382E-08

1.09203E-06

7.66E-01

1.00E+00

C

0.97

5

11.94

0.02

0.50

4.88E-04

5.09

8.087E-06

3.1888E-12

8.79E-07

1.15E-06

D-1

1.94

10

23.88

0.04

0.38

7.47E-04

5.00

1.000E-05

2.08571E-12

8.79E-07

1.15E-06

D-2

3.88

20

47.76

0.07

0.27

1.05E-03

4.93

1.189E-05

1.47657E-12

8.78E-07

1.15E-06

D-3

5.83

30

71.66

0.11

0.21

1.24E-03

4.89

1.291E-05

1.25099E-12

8.78E-07

1.15E-06

* Activity coefficient of Ca was calculated using the Debye Hückel equation:
𝐿𝑜𝑔 𝛾𝐶𝑎2+ =

−𝐴 𝑧 2 𝐼 0.5
1 + ȧ 𝐵 𝐼 0.5

Where 𝛾 is the activity coefficient, z is the ionic charge of Ca, I is the ionic strength, A and B are
temperature dependent constants (Bockris and Reddy, 1977) and ȧ is an ion size parameter (Berner,
1971).
† The activity of the carbonate ion was calculating from the pH and PCO2 pair using the following
equation (Morse and Mackenzie, 1990):
𝑃𝐶𝑂
𝑎𝐶𝑂32− = 𝐾𝐻 𝐾1 𝐾2 ( 2 2 )
𝑎𝐻+
Where KH, K1, and K2 are the thermodynamic equilibrium constants of the carbonic acid system
whose values at 70 ℃ are, respectively, 10-1.85, 10-6.31, and 10-10.13 (Plummer and Busenberg, 1982). aH+
was calculated from the solution pH, which was directly measured, and PCO2 was determined from
bubbling nitrogen-CO2 mixture of known composition through the solution.
‡ The saturation state (Ω) of aragonite and calcite was calculated using the following equation:
𝑎𝐶𝑎2+ 𝑎𝐶𝑂32−
𝛺=
𝐾𝑒𝑞
Where Keq is the thermodynamic equilibrium whose value at 70 ℃ is 10-8.75 for aragonite and 108.87

for calcite (Plummer and Busenberg, 1982).
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Table 3.S2. Experimental conditions and results for all experiments
Ca
in
initi
al
fluid
(m
M)
0.97
0.97
0.97
0.97
0.97
0.97
0.97
0.97
0.97
0.97
0.97
0.97
0.97
0.97
0.97
0.97
0.97
0.97
0.97
0.97
0.97
0.97
0.97
0.97
0.97
0.97
0.97
0.97
1.95
1.95
1.95
1.95
1.95
1.95
1.95
2.91
2.91
2.91
2.91
2.91
2.91
3.88
3.88
3.88
3.88
3.88
3.88

Mg2+
amou
nt in
fluid
(µmol
)

Ωaragon
ite in
initial
fluid

Ωaragon
ite in
initial
fluid

Durati
on
(hour)

Calcit
e
produ
ct (%)

100.00
100.00
100.00
100.00
100.00
100.00
2.20
2.20
2.20
2.20
2.20
2.20
2.20
0.80
0.80
0.80
0.80
0.80
0.80
0.80
0.33
0.33
0.33
0.33
0.33
0.33
0.33
0.33
0.33
0.33
0.33
0.33
0.33
0.33
0.33
0.33
0.33
0.33
0.33
0.33
0.33
0.33
0.33
0.33
0.33
0.33
0.33

Mg
in
initi
al
fluid
(m
M)
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
10
10
10
10
10
10
10
20
20
20
20
20
20
30
30
30
30
30
30

75.00
75.00
75.00
75.00
75.00
75.00
1.65
1.65
1.65
1.65
1.65
1.65
1.65
0.60
0.60
0.60
0.60
0.60
0.60
0.60
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.50
0.50
0.50
0.50
0.50
0.50
0.50
1.00
1.00
1.00
1.00
1.00
1.00
1.50
1.50
1.50
1.50
1.50
1.50

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
24
55
94
93
98
97
0
10
64
88
96
98
98
0
81
79
99
98
94
0
0
0
0
0
0

100.00

5

0.97

75.00

500

0

C-1-2

15.00

100.00

5

0.97

75.00

720

0

C-1-3

15.00

100.00

5

0.97

75.00

1007

0

C-1-4

15.00

100.00

5

0.97

75.00

2014

0

C-1-5

15.00

100.00

5

0.97

75.00

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.15E06
1.15E06
1.15E06
1.15E06
1.15E06

500
718
1002
2010
3018
3018
336
454
456
670
1510
1560
1560
49
288
454
670
1030
1560
1560
49
95
220
244
288
400
620
620
334
502
720
722
815
1007
1007
499
959
1004
1034
1200
1200
499
1034
1200
1298
1994
1994

15.00

0.77
0.77
0.77
0.77
0.77
0.77
0.77
0.77
0.77
0.77
0.77
0.77
0.77
0.77
0.77
0.77
0.77
0.77
0.77
0.77
0.77
0.77
0.77
0.77
0.77
0.77
0.77
0.77
0.77
0.77
0.77
0.77
0.77
0.77
0.77
0.77
0.77
0.77
0.77
0.77
0.77
0.77
0.77
0.77
0.77
0.77
0.77
8.79E07
8.79E07
8.79E07
8.79E07
8.79E07

2996

0

Experime
nt ID

Fluid
volu
me
(ml)

Fluid:sol
id ratio
(ml/g)

A-1-1
A-1-2
A-1-3
A-1-4
A-1-5
A-1-5*
A-2-1
A-2-2
A-2-3
A-2-4
A-2-5
A-2-6
A-2-6*
A-3-1
A-3-2
A-3-3
A-3-4
A-3-5
A-3-6
A-3-6*
A-4-1
A-4-2
A-4-3
A-4-4
A-4-5
A-4-6
A-4-7
A-4-7*
B-1-1
B-1-2
B-1-3
B-1-4
B-1-5
B-1-6
B-1-6*
B-2-1
B-2-2
B-2-3
B-2-4
B-2-5
B-2-5*
B-3-1
B-3-2
B-3-3
B-3-4
B-3-5
B-3-5*

15.00
15.00
15.00
15.00
15.00
15.00
0.33
0.33
0.33
0.33
0.33
0.33
0.33
0.12
0.12
0.12
0.12
0.12
0.12
0.12
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05

C-1-1
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Mg/Ca in
calcite
(mmol/m
ol)

1.66

[Ca]
in
final
fluid
(m
M)

[Mg
] in
final
fluid
(m
M)

[Sr]
in
final
fluid
(m
M)

C-1-5*

15.00

100.00

5

0.97

75.00

C-2-1

0.33

2.20

5

0.97

1.65

C-2-2

0.33

2.20

5

0.97

1.65

C-2-3

0.33

2.20

5

0.97

1.65

C-2-4

0.33

2.20

5

0.97

1.65

C-2-5

0.33

2.20

5

0.97

1.65

C-2-6

0.33

2.20

5

0.97

1.65

C-2-6*

0.33

2.20

5

0.97

1.65

C-3-1

0.12

0.80

5

0.97

0.60

C-3-2

0.12

0.80

5

0.97

0.60

C-3-3

0.12

0.80

5

0.97

0.60

C-3-4

0.12

0.80

5

0.97

0.60

C-3-5

0.12

0.80

5

0.97

0.60

C-3-6

0.12

0.80

5

0.97

0.60

C-3-7

0.12

0.80

5

0.97

0.60

C-3-7*

0.12

0.80

5

0.97

0.60

C-4-1

0.05

0.33

5

0.97

0.25

C-4-2

0.05

0.33

5

0.97

0.25

C-4-3

0.05

0.33

5

0.97

0.25

C-4-4

0.05

0.33

5

0.97

0.25

C-4-5

0.05

0.33

5

0.97

0.25

C-4-5*

0.05

0.33

5

0.97

0.25

C-4-6

0.05

0.33

5

0.97

0.25

C-4-6*

0.05

0.33

5

0.97

0.25

D-1-1

0.05

0.33

10

1.95

0.50

D-1-2

0.05

0.33

10

1.95

0.50

D-1-3

0.05

0.33

10

1.95

0.50

D-1-4

0.05

0.33

10

1.95

0.50

D-1-5

0.05

0.33

10

1.95

0.50

D-1-5*

0.05

0.33

10

1.95

0.50

D-1-6

0.05

0.33

10

1.95

0.50

D-1-6*

0.05

0.33

10

1.95

0.50

D-2-1

0.05

0.33

20

3.88

1.00

8.79E07
8.79E07
8.79E07
8.79E07
8.79E07
8.79E07
8.79E07
8.79E07
8.79E07
8.79E07
8.79E07
8.79E07
8.79E07
8.79E07
8.79E07
8.79E07
8.79E07
8.79E07
8.79E07
8.79E07
8.79E07
8.79E07
8.79E07
8.79E07
8.79E07
8.79E07
8.79E07
8.79E07
8.79E07
8.79E07
8.79E07
8.79E07
8.79E07
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1.15E06
1.15E06
1.15E06
1.15E06
1.15E06
1.15E06
1.15E06
1.15E06
1.15E06
1.15E06
1.15E06
1.15E06
1.15E06
1.15E06
1.15E06
1.15E06
1.15E06
1.15E06
1.15E06
1.15E06
1.15E06
1.15E06
1.15E06
1.15E06
1.15E06
1.15E06
1.15E06
1.15E06
1.15E06
1.15E06
1.15E06
1.15E06
1.15E06

2996

0

96

0

246

0

257

0

455

0

600

97

678

99

678

97

90

0

96

0

185

7

200

26

246

96

270

99

348

99

348

99

96

0

185

46

200

68

246

90

270

92

270

94

291

99

291

98

308

0

720

76

800

84

813

95

840

97

840

99

1045

97

1045

94

720

0

4.11

3.09

2.60

5.40

3.40

9.62

2.08

10.3
0
11.9
4
7.49

2.29

7.43

0.34

1.85
0.39

0.01
4
0.03
2
0.04
7
0.16
0
0.30
8
0.30
5

D-2-2

0.05

0.33

20

3.88

1.00

D-2-3

0.05

0.33

20

3.88

1.00

D-2-4

0.05

0.33

20

3.88

1.00

D-2-5

0.05

0.33

20

3.88

1.00

D-2-6

0.05

0.33

20

3.88

1.00

D-2-6*

0.05

0.33

20

3.88

1.00

D-3-1

0.05

0.33

30

5.83

1.50

D-3-2

0.05

0.33

30

5.83

1.50

D-3-3

0.05

0.33

30

5.83

1.50

D-3-4

0.05

0.33

30

5.83

1.50

D-3-5

0.05

0.33

30

5.83

1.50

D-3-5*

0.05

0.33

30

5.83

1.50

8.79E07
8.79E07
8.79E07
8.79E07
8.79E07
8.79E07
8.79E07
8.79E07
8.79E07
8.79E07
8.79E07
8.79E07

* indicates duplicate experiments
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1.15E06
1.15E06
1.15E06
1.15E06
1.15E06
1.15E06
1.15E06
1.15E06
1.15E06
1.15E06
1.15E06
1.15E06

800

16

992

46

1024

89

1045

99

1200

98

1200

98

720

0

800

0

992

0

1045

98

1300

88

1300

97

Calculation of evolution of solution Mg/Ca ratio as a function of fluid to solid ratio during
stabilization (Figure 3.6).
First, we assumed a closed system with no addition or removal of chemical species. The
Mg/Ca ratio of calcite stabilized from aragonite is given by:
𝑀𝑔

𝑀𝑔

( 𝐶𝑎 )𝑐𝑎𝑙𝑐𝑖𝑡𝑒 = 𝐷𝑀𝑔 × ( 𝐶𝑎 )𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛

Eq. (1)

Where DMg is the non-thermodynamic partition coefficient (Morse and Bender, 1990) of
𝑀𝑔

Mg in calcite and ( 𝐶𝑎 )𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 is that of average seawater (5.14). The resultant calcite is treated as
a solid solution (Mg(x)Ca(1-x)CO3), whose molar mass (M) was calculated using the following
equation:
𝑀𝑔

𝑀𝑔

𝑀𝑀𝑔(𝑥)𝐶𝑎(1−𝑥) 𝐶𝑂3 = (( 𝐶𝑎 )𝑐𝑎𝑙𝑐𝑖𝑡𝑒 ) × 𝑀𝑀𝑔 + (1 − ( 𝐶𝑎 )𝑐𝑎𝑙𝑐𝑖𝑡𝑒 ) × 𝑀𝐶𝑎 + 𝑀𝐶𝑂3

Eq. (2)

Where Mi is the molar mass of the ith species. The total number of moles (ntotal) was then
calculated using the molar mass calculated using eq. 2 and a constant mass (in grams) for calcite.
𝑀𝑔

Given that the ( 𝐶𝑎 )𝑐𝑎𝑙𝑐𝑖𝑡𝑒 is known (from eq. 1), and that:
𝑛𝑡𝑜𝑡𝑎𝑙 = 𝑀𝑔𝐶𝑂3 + 𝐶𝑎𝐶𝑂3

Eq. (3)

The total number of moles of CaCO3 (and thus MgCO3) can be calculated by rearranging
𝑀𝑔

eq. (3), substituting ( 𝐶𝑎 )𝑐𝑎𝑙𝑐𝑖𝑡𝑒 , and assuming that all Mg that is incorporated into calcite is in the
form of MgCO3:
𝑛𝐶𝑎𝐶𝑂3 =

𝑛𝑡𝑜𝑡𝑎𝑙

Eq. (4)

𝑀𝑔
)
)
𝐶𝑎 𝑐𝑎𝑙𝑐𝑖𝑡𝑒

(1+ (

The calculated nMgCO3 represents the amount of Mg that calcite would incorporate based on
the DMg used in Eq. (1). It also represents the amount of Mg removed from the solution after the
stabilization of aragonite to calcite. No Ca is removed from the solution because Ca is supplied
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from the aragonite. Assuming an initial (Mg/Ca) of 5.14 and a given fluid to solid (F:S) ratio, the
calculated nMgCO3 is subtracted from the initial nMg in the solution and added to the initial nCa in
the solution (because Mg substitutes for Ca in calcite) to give a new Mg/Ca ratio in the solution.
This is done for a range of F:S ratios to give the change in Mg/Ca ratio in the solution as a function
of F:S ratio (Fig. 3.6). The details of the partition coefficients used in Figures 3.6 and 3.7 are given
in table 3.S2.
Calculation of MgCO3 in calcite as a function of fluid to solid ratio (Figure 3.7)
The number of moles of Mg (nMgCO3) that calcite would incorporate based of a given
partition coefficient (DMg) was calculated using the procedure described above (Eq. 1-4). The
calculated nMgCO3 was then subtracted from the initial nMg in the solution. This was done for a
range of fluid to solid (F:S) ratios. If the result of the subtraction is positive (initial n Mg in the
solution > nMg calculated), the MgCO3 of calcite is calculated according to the following equation:
𝑚𝑜𝑙% 𝑀𝑔𝐶𝑂3 =

𝑛𝑀𝑔𝐶𝑂3
𝑛𝑡𝑜𝑡𝑎𝑙

× 100

Eq. (5)

If the result of the subtraction is negative (nMg in the solution < nMg calculated), which
occurs as the F:S ratio decreases, the nMg in the solution was assumed to represents the amount of
Mg that calcite would incorporate. In other words, when the amount of Mg in the solution is less
that what calcite would incorporate based on a given DMg, all Mg in the solution was assumed to
get incorporated into calcite. In this case, the total number of moles (ntotal = nCaCO3 + nMgCO3) was
initially assumed to be equal to ntotal calculated using the molar mass (𝑀𝑀𝑔(𝑥)𝐶𝑎(1−𝑥) 𝐶𝑂3 ) obtained
𝑀𝑔

from Eq. 2. This is not exactly accurate because M from Eq. 2 was calculated using the ( 𝐶𝑎 )𝑐𝑎𝑙𝑐𝑖𝑡𝑒
𝑀𝑔

that is predicted by DMg, which is higher than the ( 𝐶𝑎 )𝑐𝑎𝑙𝑐𝑖𝑡𝑒 when the solution is depleted in Mg.
Therefore, an iteration process (explained below) was used to calculate the accurate ntotal. The
assumed ntotal was used, along with the nMgCO3, to calculate nCaCO3. nMgCO3 and nCaCO3 were then
𝑀𝑔

used to calculate ( 𝐶𝑎 )𝑐𝑎𝑙𝑐𝑖𝑡𝑒 , which was used to calculate 𝑀𝑀𝑔(𝑥)𝐶𝑎(1−𝑥) 𝐶𝑂3 using Eq. (2).
𝑀𝑀𝑔(𝑥)𝐶𝑎(1−𝑥) 𝐶𝑂3 was then used, along with a constant mass (in grams) for calcite, to calculate the
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more accurate ntotal, which represents the iteration process. The mol% MgCO3 in calcite was then
calculated using Eq. (5).
Given that DMg has been shown to vary with Mg/Ca ratio in the solution (Mucci and
Morse,1987), DMg of Mucci and Morse (1983) was corrected for Mg/Ca ratio using the following
equation:
𝑀𝑔

𝐷𝑀𝑔 = −0.008 × ln ( 𝐶𝑎

𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛

) + 0.0288

Eq. (6)

It is worth pointing out that the dependence of DMg on the Mg/Ca ratio of the solution
(Mucci and Morse, 1983; Lammers and Mitnick, 2019) may give the impression that the decrease
in mol% MgCO3 of calcite observed in Figure 3.6 as F:S decreases is caused by this dependence.
However, DMg is, rather counterintuitively, inversely proportional to Mg/Ca ratio of the solution
(Mucci and Morse, 1983), which means that as solution Mg/Ca ratio decreases, DMg increases, and
thus more Mg should be incorporated into calcite. This is why for the DMg of Mucci and Morse
(1983), as solution Mg/Ca ratio decreases, mol% MgCO3 of calcite increases due to the inverse
dependence of DMg on solution Mg/Ca before it decreases due to the depletion of Mg from the
solution (Fig. 3.6). Note that DMg used in Figures 3.5 and 3.6 are adopted from studies who used
various methods and conditions to derive them, which may explain, at least in part, their difference
(Table 3.S3).
Table 3.S3. The partition coefficients of Mg in calcite used in Figure 3.5 and 3.6

Reference
Katz (1973)
Carpenter and
Lohmann (1992)
Mucci and Morse
(1983)
Mavromatis et al.
(2013)
This study
Baker et al. (1982)

Partition
Determination method
coefficient
0.0573
Experimental - Stabilization

Temperature
(℃)
25

Mg/Ca ratio in
solution
0.1 - 0.4

0.03

-

-

25

1 - 20

25

0.4 - 1.35

70
5

5.14
4.64

0.0123
0.0082
0.0025
0.0008

Holocene marine cements
Experimental - Seeded
precipitation
Experimental - Seeded
precipitation
Experimental - Stabilization
Deep sea sediments
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Abstract
Aragonite and high-magnesium calcite are abundant constituents of modern shallow
marine carbonate sediments, but are rare in ancient carbonate rocks. Because these minerals are
metastable, they tend to stabilize to microcrystalline calcite which is ubiquitous in most
Phanerozoic marine and lacustrine limestones. Calcite microcrystals exhibit a range of textures
that have been classified in terms of crystal size, morphology, and contact geometry. These
textures have the potential to reveal information about the precursor sediments as well as the
diagenetic conditions of stabilization, and thus may serve as a proxy for paleoenvironmental
conditions. However, despite their ubiquity and importance, the origin of these textures is
controversial. Hypotheses regarding the origin of calcite microcrystal textures typically involve
inferences regarding the precursor depositional sediments, diagenetic conditions of stabilization,
or diagenetic processes. Here, hundreds of laboratory experiments were conducted in which
metastable carbonate sediments were stabilized to calcite. The goal of these experiments was to
investigate the depositional and diagenetic controls on calcite microcrystal textures. The
depositional variables investigated were precursor mineralogy, type, and size, and the diagenetic
variables were temperature, fluid chemical composition, and fluid:solid ratio. Our results show
that experimental stabilization of carbonate sediments produces calcite with a wide variety of
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textures depending on the various depositional and diagenetic parameters. These textures are
remarkably similar to those commonly observed in the rock record. Calcite microcrystal
morphology is controlled by fluid chemistry, fluid:solid ratio, and reactant type. Calcite
microcrystal size is controlled by temperature, fluid chemistry, fluid:solid ratio, and reactant size.
The degree to which calcite microcrystals are fitted together is controlled by reactant size and
reactant microstructure. Our findings challenge most of the existing hypotheses regarding the
origin of calcite microcrystal textures. We specifically show that textures that have been
interpreted to indicate late diagenetic processes such as dissolution and cementation, may be the
result of the early diagenetic processes of stabilization.
Introduction
Aragonite and high-magnesium calcite (HMC) are the most abundant carbonate minerals
in modern shallow marine sediments, but extremely rare in ancient limestones (Morse and
Mackenzie, 1990). The rarity of these minerals in the geologic record is attributed to their
metastability (Bathurst, 1975). That is, though aragonite and HMC precipitate more readily in
marine waters due to kinetic factors (Morse et al., 2007), they are thermodynamically less stable
than low-Mg calcite (calcite) under Earth’s surface conditions. As a result, one of the early
diagenetic alterations aragonite and HMC may experience is dissolution, often immediately
followed by precipitation of microcrystalline calcite cement, a process referred to as stabilization
(Milliman, 1974; Casella et al., 2017).
Stabilization to calcite microcrystals is an important and ubiquitous diagenetic process
(Kaczmarek et al., 2015). Ancient limestones are routinely used to reconstruct the history of
Earth’s surface conditions, and global geochemical cycles (e.g., Sandberg, 1983), despite the
observation that stabilization can significantly alter isotopic and trace elemental signatures (e.g.,
Ahm et al., 2018). Furthermore, stabilization is generally accompanied by complete rearrangement
of the pore system as the heterogeneous assortment of carbonate sediments is altered to a
homogeneous collection of calcite microcrystals (e.g., Moshier, 1989).
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Diagenetic calcite microcrystals typically measure between 1 – 9 µm and are common
throughout matrix and allochems in ancient limestones (e.g., Loucks et al., 2013). Various textural
classifications have been proposed for calcite microcrystals based on physical attributes, such as
crystal size, morphology, and contact geometry (e.g., Moshier, 1989a; Deville de Periere et al.,
2011; Kaczmarek et al., 2015). In general, three main microcrystal textures have been observed
across a wide range of geologic ages, depositional settings, burial depths, and precursor types.
Detailed descriptions of the calcite microcrystal textural classes are provided in Kaczmarek et al.
(2015). Volumetrically, the two most abundant microcrystal textures are the granular (framework)
and fitted (mosaic) textures (Moshier, 1989a; Kaczmarek et al., 2015). The granular texture is
defined as a loose framework of microcrystals, and is further subdivided into granular euhedral
and granular subhedral subclasses based on crystal shape (Kaczmarek et al., 2015). The fitted
texture is a compact mosaic of interlocking microcrystals exhibiting mostly curvilinear
compromise boundaries and very little pore space. Fitted is further subdivided into fitted-partial
and fitted-fused based on a combination of packing, interfacial angles between crystals, and
intercrystal porosity (Kaczmarek et al., 2015). The term microcrystal, as used here, broadly refers
to any micrometer-scale low-magnesium calcite mineral crystal (Kaczmarek et al. 2015), and
includes both micrite and microspar.
Whereas the vast majority of textural and geochemical evidence suggests that calcite
microcrystals form through diagenetic stabilization of metastable sediments (Hasiuk et al., 2016
and references therein), a recent literature review suggests that no consensus exists regarding the
origin of the various calcite microcrystal textures (Hashim and Kaczmarek, 2019). Multiple
hypotheses have been proposed (e.g., Longman and Mench, 1978; Moshier, 1989; Loucks et al.,
2013), but all suffer from limited observations. Some explanations suggest that calcite microcrystal
textures are determined by depositional parameters, such as the mineralogy or texture of the
precursor sediments (Longman and Mench, 1978; Lasemi and Sandberg, 1993; Deville de Periere
et al., 2011). Others, in contrast, ascribe textures to the diagenetic conditions during stabilization,
such as fluid:solid ratio (Moshier, 1989a) or fluid chemistry (Folk, 1974). Still others have invoked
specific diagenetic processes, such as dissolution and compaction (Lambert et al., 2006; Volery et
al., 2010a). Moshier (1989a), for example, suggested that the granular texture reflects stabilization
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in low fluid:solid ratio (i.e., closed system), whereas the fitted texture indicates stabilization in
high fluid:solid ratio (i.e., open system). In contrast, Lambert et al. (2006) proposed that granular
subhedral (rounded) calcite microcrystals indicate partial dissolution of granular euhedral
microcrystals during burial diagenesis, and that the fitted texture indicates cementation during
burial compaction.
In modern natural environments, Steinen (1982) observed euhedral (rhombic) calcite
microcrystals among Holocene aragonitic sediments. Experimental observations by McManus and
Rimstidt (1982) showed that aragonite needles stabilize to euhedral calcite microcrystals. These
observations provide the basis for the general hypothesis that the granular euhedral texture forms
first during mineralogical stabilization of metastable sediments (e.g., Lambert et al., 2006; Loucks
et al., 2013). In ancient limestones, however, it is difficult to determine the controls on calcite
microcrystal textures for multiple reasons. First, the precursor sediments from which calcite
microcrystals stabilize are characterized by diverse textures and minerals that can vary spatially
(e.g., Gischler et al., 2013) and temporally (e.g., Sandberg, 1983). Second, stabilization must occur
under a wide range of diagenetic conditions, such as fluid chemistry and hydrodynamics (Moshier,
1989a). Third, stabilization can be followed by further diagenesis that may alter the mineralogy
(i.e., dolomitization), texture, and original geochemical signatures (e.g., Lambert et al., 2006). To
overcome these challenges, laboratory experiments have been employed to explore stabilization
of metastable sediment to calcite. The benefit of laboratory experiments is that geochemical
parameters can be controlled rather than inferred. Numerous studies, for example, have
investigated various aspects of the aragonite to calcite transition, including reaction rate (e.g.,
Bischoff, 1969), reaction mechanism (e.g., McManus, 1982; Perdikouri et al., 2013), kinetic
inhibitors and catalysts (e.g., Bischoff and Fyfe, 1968), and isotopic variations (e.g., Ritter et al.,
2017; Guo et al., 2019). However, the textural aspects of stabilization have received far less
attention.
McManus and Rimstidt (1982) reported in a GSA conference abstract, later published by
Moshier (1989a), that synthetic aragonite needles in distilled water stabilize to calcite
microcrystals at 50 °C and 1 bar. In an unpublished Ph.D. dissertation, Papenguth (1991)
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conducted dozens of stabilization experiments using synthetic and natural reactants. He observed
that stabilization occurs by dissolution of metastable sediments and precipitation of calcite as
cement, and that calcite crystal size does not change with extended reaction time. The main
drawback of this study, however, is the lack of systematic control. That is, multiple variables were
changed between experiments.
Studies that systematically evaluated the controls on calcite microcrystal textures are rare.
Accordingly, many of the questions regarding the origin of these textures remain unanswered.
Specifically, what are the controls on calcite microcrystal textures? Do these textures reflect
specific depositional or diagenetic conditions? In other words, can the depositional characteristics
of precursor sediment or the diagenetic conditions of stabilization be inferred from calcite
microcrystal textures? To address these questions, hundreds of laboratory experiments were
conducted, and their results and implications to natural stabilization are discussed here.
Methods
All laboratory stabilization experiments presented here involve the conversion of a
metastable carbonate mineral reactant (either aragonite (A) or high-Mg calcite (HMC)) to lowmagnesium calcite (C) in an aqueous solution. These dissolution – precipitation reactions are
represented by Equations 1 and 2:
CaCO3 (A) → Ca2+(aq) + CO32-(aq) → CaCO3 (C)

(1)

Ca(1-x)Mg(x)CO3 (HMC) → Ca2+(aq) + Mg2+(aq) + CO32-(aq) → CaCO3 (C) + Mg2+(aq)

(2)

Controlled experiments were specifically designed to test the effect of specific depositional
and diagenetic variables on calcite microcrystal textures. The depositional variables investigated
include reactant mineralogy (aragonite vs. HMC), reactant type (synthetic, biogenic, non-biogenic,
etc.), and reactant size fractions. The diagenetic variables were temperature, fluid:solid ratio, and
fluid chemistry. Experimental conditions for each set of experiments are presented in Table 4.1.
Experimental Series 1 stabilized 0.1 g of single crystal aragonite that was pulverized and sieved to
obtain < 63 μm size fraction at 100 ˚C in 15 ml of deionized (DI) water. In subsequent series, all
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experimental variables were held constant except for the variable of interest. Series 2 tested
reaction temperature, Series 3 fluid:solid ratio, Series 4 fluid chemistry, Series 5 reactant type and
mineralogy, and Series 6 reactant size (Table 4.1). It should be noted that each one of these series
includes multiple experiments conducted for various periods of time, and that at least one
experiment in each series was run in duplicate (supplemental table 4.S1).
All stabilization reactions were performed in Teflon-lined stainless steel acid digestion
vessels charged with solid and fluid reactants. Sealed reaction vessels were placed into pre-heated
convection ovens set to a fixed temperature for predetermined times. Upon removal, reaction
vessels were immediately cooled to room temperature with forced air. Solid and fluid contents
were then separated using a vacuum flask. Solid contents were rinsed in DI water and dried in a
vacuum desiccator. Liquids were discarded.
Natural reactants used in the experiments were single crystal aragonite, aragonitic ooids
from Ambergris Cay, aragonitic corals, Halimeda, Penicillus, Lithothamnion, Goniolithon from
the Bahamas, and gastropods and Jania rubens from Qatar. An agate mortar and pestle were used
to pulverize reactants to be used in some of the experiments. The powders were then dry sieved
using either U.S. standard stainless sieve to obtain the < 63 μm size fraction, or nylon mesh screen
discs to obtain 20 – 8, and < 8 μm size fractions. Both powdered and whole allochems were
chemically treated with sodium hypochlorite (NaClO) and hydrogen peroxide (H2O2) in an attempt
to eliminate organic matter. Reactants were soaked in 5% NaOCl for 72 hours, and in 30% H 2O2
for another 72 hours. During chemical treatment, solutions were replaced every 24 hours, and pH
measurements were taken every 12 hours to ensure that solutions were not acidic. Acidity is
unfavorable because it causes dissolution of CaCO3. After chemical treatment, reactants were
washed in DI water, and dried in a vacuum desiccator. Scanning electron microscope (SEM) and
X-ray diffraction (XRD) were used to confirm that chemical treatment did not alter the texture or
mineralogy, respectively.
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Table 4.1 Experimental conditions.
Experiment
Series

Temperature
(˚C)

Solution
volume
(mL) /solid
weight (g)

1

100

15/0.1 = 150

2-1
2-2
2-3
2-4
3-1
3-2
3-3

50
70
150
200
100
100
100

3-4

100

3-5

100

4-1
4-2
4-3
4-4
4-5
4-6
4-7
4-8

100
100
100
100
100
100
100
100

15/0.1 = 150
15/0.1 = 150
15/0.1 = 150
15/0.1 = 150
5/0.1 = 50
1/0.1 = 10
0.1/0.1 = 1
0.35/0.44 =
0.8
0.35/0.44 =
0.8
15/0.1 = 150
15/0.1 = 150
15/0.1 = 150
15/0.1 = 150
15/0.1 = 150
15/0.1 = 150
15/0.1 = 150
15/0.1 = 150

4-9

100

15/0.1 = 150

5-1
5-2
5-3
5-4
5-5
5-6
5-7
5-8
5-9
5-10
5-11
5-12
5-13
5-14
6-1
6-2
6-3

100
100
100
100
200
200
200
200
200
200
200
200
200
200
100
100
100

15/0.1 = 150
15/0.1 = 150
15/0.1 = 150
15/0.1 = 150
15/0.1 = 150
15/0.1 = 150
15/0.1 = 150
15/0.1 = 150
15/0.1 = 150
15/0.1 = 150
15/0.1 = 150
15/0.1 = 150
15/0.1 = 150
15/0.1 = 150
15/0.1 = 150
15/0.1 = 150
15/0.1 = 150

Reactant
size
(μm)

Time to
>90% calcite
product
(hour)

<63

120

<63
<63
<63
<63
<63
<63
<63

2000
700
71
72
144
120
74

<63

48

<63

-

<63
<63
<63
<63
<63
<63
<63
<63

48
48
120
48
36
548
-

SCA

<63

-

SA
Gastropods
Corals
Ooids
Corals
Ooids
Corals
Ooids
Halimeda
Halimeda
Penicillus
Jania rubens
Lithothamnion
Goniolithon
SCA
SCA
SCA

<63
<63
<63
<63
<63
<63
~5000
212-250
~5000
<63
<63
<63
<63
90-106
8-20
<8

100
680
1000
1000
480
480
720
720
720
500
-

Solution
chemistry
(mM)

Reactant type

Deionized (DI)
water
DI
DI
DI
DI
DI
DI
DI

Single crystal
aragonite (SCA)
SCA
SCA
SCA
SCA
SCA
SCA
SCA

DI

SCA

DI
[NaCl] = 546
[NaCl] = 469
[KCl] = 10.2
[CaCl2] = 10.3
[CaCl2] = 45
[Na2SO4] = 28
[MgCl2] = 55
Seawater (SW)
SW w/ Mg/Ca
=1
DI
DI
DI
DI
DI
DI
DI
DI
DI
DI
DI
DI
DI
DI
DI
DI
DI

Synthetic
aragonite (SA)
SCA
SCA
SCA
SCA
SCA
SCA
SCA
SCA

In addition to the natural reactants, aragonite needles were synthesized using the methods
of Wray and Daniels (1957) as modified by Katz (1973). Microcrystalline aragonite reactants were
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synthesized using the method of Wray and Daniels (1957) as modified by Katz (1973). One liter
of each 50 mM NH4(CO3)2 and CaCl2.2H2O solutions were separately prepared and heated to ~85
°C with continuous stirring. The CaCl2 solution was then slowly poured (250 mL/min) into the
strongly stirred NH4(CO3)2 solution and stirring was continued for 3 minutes. The slurry was then
filtered, rinsed in DI water, filtered again, and dried in a vacuum desiccator. This procedure
resulted in very pure aragonite (>99 %) as determined with XRD.
Reaction solutions were prepared using reagent grade salts and DI water. Synthetic
seawater with 35 ‰ salinity was prepared following the method described by Millero (2016).
Synthetic seawater was modified by adding CaCl2 to obtain Mg/Ca ratio of 1 representative of
seawater during geologic times of “calcite seas” (e.g., Lowenstein et al., 2001). Ionic solutions
were prepared using salts to represent the six major ions (Cl-, Na+, Mg2+, SO42-, Ca2+, and K+) in
modern seawater with their respective molarity (mmol l-1): NaCl = 546, and = 469; MgCl2 = 55;
Na2SO4 = 28; CaCl2 = 10.3; and KCl = 10.2. A solution with CaCl2 = 45 mM was also prepared.
The highest fluid:solid ratio (15 mL:0.1 g) used represents stabilization in a fluid
dominated setting (e.g., sediment water interface), whereas the lowest ratio (0.35 mL:0.44 g)
represents stabilization of sediments with 70% porosity in a closed system (e.g., shallow burial
setting). The 70% porosity represents the typical porosity of shallow marine carbonate mud (e.g.,
Kominz et al., 2011). This fluid:solid ratio was calculated using Equation 3, and assuming an
aragonite density of 2.93 g/cm3.
fluid
solid

=

porosity
(1-porosity) * density

(3)

Standard powder XRD techniques were used to determine the mineralogy of all solids.
Powders were prepared with an agate mortar and pestle. Powders were then mounted on a Borondoped silicon P-type zero background diffraction plates and placed in a Bruker D2 Phaser
Diffractometer with a CuKα anode. Relative abundances of aragonite, low-Mg calcite, and HMC
were determined using the ratio of aragonite 111 and calcite 104 reflection intensities (Milliman,
1974). Scanning electron microscope imaging was performed on a JEOL 7500F, JEOL 6610LV,
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or JEOL IT100. The accelerating voltage was 20 kV and the working distance was 10 mm. Samples
were coated with either 10 nm of osmium, 30 nm of gold, or 30 nm of carbon. Crystal size
measurements were performed using either the measurement tool equipped with the JEOL IT100
SEM or Jmicrovision software v1.3.1 (Roduit, 2007).
Results
The compiled results from all stabilization experiments are presented in supplemental
Table 4.S1. Aragonite reactants in Series 1 invariably stabilize to calcite microcrystals exhibiting
the granular euhedral texture (Fig. 4.1). Extended reaction time showed no effect on calcite
microcrystal texture (Fig. 4.1). Slight changes in calcite average crystal size (ACS) were
documented with increased reaction time, but no trend between ACS and reaction time over the
period of investigation was observed (Fig. 4.2a, and supplemental Fig. 4.S1).
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Figure 4.1 SEM photomicrographs from Series 1 showing calcite microcrystals exhibiting granular euhedral texture
at various reaction times. (A) After 70 hours. (B) 500 hours. (C) 1000 hours. (D) 4980 hours. All experimental
conditions are presented in Table 4.1.

Higher reaction temperatures in Series 2 correlate with faster reaction rates (Fig. 4.3a) and
smaller ACS (Fig. 4.2b). All calcite microcrystals in Series 2 exhibit the granular euhedral texture
(Fig. 4.4). Lower fluid:solid ratios in Series 3 correlate with faster reaction rates (Fig. 4.3b). All
calcite microcrystals in Series 3 exhibit the granular texture (Fig. 4.5), but lower fluid:solid ratio
experiments are associated with a higher proportion of anhedral and subhedral calcite
microcrystals (Fig. 4.5). Lower fluid:solid ratios yield smaller calcite microcrystals compared to
Series 1. In Series 3-1 and 3-2 (Table 4.1), aragonite stabilizes to euhedral calcite microcrystals,
whereas in Series 3-3 and 3-4, aragonite stabilizes to a mixture of anhedral and subhedral
microcrystals. Series 3-4 produced calcite microcrystals with an ACS of 3.71 µm. The majority of
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the subhedral microcrystals are characterized by rough surfaces and stepped growth faces.
Experiments starting with the synthetic aragonite reactants and a fluid:solid ratio of 0.8 (Series 35) produce mostly euhedral calcite microcrystals with a few (< 10 %) anhedral ones (supplemental
Fig. 4.S2).

Figure 4.2 The relationship between average crystal size of calcite and various experimental parameters. (A) Reaction
time (Series 1). (B) Reaction temperature (Series 2). (C) Reactant size (Series 6). (D) Overall reaction rate from Fig.
3 (slope of reaction curves when plotted as calcite product percent vs. reaction time in hour).

Series 4 results demonstrate that although aragonite stabilization to calcite in NaCl (Series
4-1 and 4-2), KCl (Series 4-3), and CaCl2 solutions (Series 4-4) is faster compared to Series 1 (Fig.
4.3c), these experiments yield calcite microcrystals characterized by the same granular euhedral
texture as in Series 1 (Fig. 4.6). Experiments conducted in the NaCl solution (Series 4-2) yield
calcite microcrystals with ACS of 4.90 µm, which is smaller than Series 1. Experiments conducted
in solution containing 45 mM CaCl2 (Series 4-5) yield calcite with granular texture. Individual
microcrystals are mostly euhedral, but < 5% are polyhedral (Fig. 4.6d). The polyhedral
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microcrystals are generally larger than the euhedral microcrystals, but the ACS of Series 4-5 is
smaller than Series 1. Both the abundance and polyhedrality (i.e., development of more crystal
faces) of microcrystals increase with reaction time.
In contrast to NaCl, KCl, and CaCl2 experiments, reaction rate in the Na2SO4 solution
(Series 4-6) is slower compared to Series 1 (Fig. 4.3c). Calcite microcrystals in Series 4-6 are
overwhelmingly subhedral (i.e., polyhedral) (Fig. 4.6c). In the MgCl2 solution (Series 4-7), no
calcite was detected by XRD after 720 hours (Fig. 4.3c). Experiments in synthetic seawater (Series
4-8) formed HMC in small amount (1.2%) after 7 months. In experiments conducted with modified
synthetic seawater (Series 4-9), no calcite was detected after 7 months.

Figure 4.1 Dependence of aragonite to calcite reaction rate on various experimental conditions. (A) Temperature
(Series 2). (B) Fluid:solid ratio (Series 3). (C) Fluid chemical composition (Series 4). (D) Reactant type (Series 5).
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Figure 4.2 SEM photomicrographs from Series 2 showing calcite microcrystals from stabilization at various
temperatures. (A) 50 °C. (B) 70 °C. (C) 200 °C. Calcite microcrystals at all temperatures exhibit granular euhedral
texture.

The synthetic aragonite in Series 5-1 stabilizes to calcite faster compared to Series 1 (Fig.
4.3d) and produces calcite microcrystals with granular euhedral texture (Fig. 7a). Gastropods
(Series 5-2) stabilize to calcite slower compared to Series 1 (Fig. 4.3d), and produces calcite
microcrystals with granular subhedral texture (Fig. 4.7b). Compared to Series 1, however, the
calcite microcrystals in Series 5-2 are more closely packed. Corals and ooids are slower to stabilize
to calcite compared to Series 1 (Fig. 4.3d). After 1 year at 100 °C, only 30% of coral (Series 5-3)
and ooid (Series 5-4) reactants stabilize to calcite. At 200 °C, in contrast, > 95% of coral (Series
5-5) and ooid (Series 5-6) reactants stabilize to calcite after 1000 hours (41 days). Calcite
microcrystals from Series 5-5 and 5-6 are characterized by granular subhedral texture (Fig. 4.7c
and 4.7d) and exhibit a bimodal ACS, where both microcrystal populations are subhedral (i.e.,
polyhedral), but smaller microcrystals are typically more polyhedral.
Whole (unpowdered) coral fragments (Series 5-7) and ooids (Series 5-8) stabilize to
polyhedral calcite microcrystals with fitted-partial texture (Fig. 4.8a and 4.8b). Some crystals are
> 10 µm, but the majority are microcrystals measure < 10 µm. The calcite microcrystals on the
surfaces of the corals and ooids vary in size (supplemental Fig. 4.S3). Halimeda (Series 5-9)
stabilizes to polyhedral calcite microcrystals with fitted partial texture (supplemental Fig. 4.S4a),
whereas pulverized Halimeda (Series 5-10) stabilizes to polyhedral calcite microcrystals with
granular texture (supplemental Fig. 4.S4b). Similar to gastropod experiments (Series 5-2), the
microcrystals in Series 5-10 appear closer together compared to Series 1, but the texture is
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granular. Calcite crystals that result from stabilization of Halimeda and pulverized Halimeda
(Series 5-9 and 5-10) are typically > 10 µm, but some microcrystals measure < 10 µm. Penicillus
(Series 5-11) stabilizes to calcite microcrystals with fitted partial texture (Fig. 4.8c). Jania rubens
(Series 5-12), Lithothamnion (Series 5-13), and Goniolithon (Series 5-14) (HMC) did not convert
to calcite in detectible amounts after 1000 hours at 100 °C or 200 °C.
Series 6 results show that smaller reactants stabilize slower compared to Series 1, and
broadly correlate with smaller calcite microcrystals (Fig. 4.2c). Smaller reactants (Series 6-2 and
6-3) produce subhedral microcrystals which exhibit fitted partial texture (Fig. 4.9).
Discussion
The observation that HMC reactants or aragonite in Mg2+ bearing solutions at seawater
concentration showed no evidence of stabilization to calcite over the period of investigation is
consistent with previous experimental studies reporting the failure to stabilize HMC (e.g., Oti and
Müller, 1985) or aragonite in Mg2+-solutions (e.g., Bischoff and Fyfe, 1968; Bischoff, 1969;
Papenguth, 1991; Guo et al., 2019). The most commonly cited explanation for this phenomenon
is the inhibiting effect of Mg2+ on stabilization of aragonite and HMC (see review by Hashim and
Kaczmarek, 2019). As such, the discussion will focus on the fundamental controls on calcite
crystal morphology, crystal size, and degree to which these crystals are fitted together on the
aragonite to calcite stabilization in Mg2+ free solutions only.
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Figure 4.3 SEM photomicrographs from Series 3 showing calcite microcrystals from experiments conducted with
different fluid to solid ratios (mL:g). (A) 50 (5:0.1). (B) 10 (1:0.1). (C) 1 (0.1:0.1). (D) 0.8 (0.35:0.44). Note that as
fluid:solid ratio decreases, the abundance of anhedral microcrystals increases while average crystal size decreases.

Controls on Calcite Microcrystal Morphology
In crystallization processes (i.e., precipitation from solution), crystal morphology is
primarily determined by crystal system and growth conditions (Sunagawa, 2007). Calcite, for
example, belongs to the hexagonal (rhombohedral) crystal system, which allows for a number of
crystal forms, most commonly including rhombohedron, prism, and scalenohedron. Among
growth conditions that may affect calcite crystal morphology is the presence of chemical species
other than Ca2+ and CO32- in the solution (Fig. 4.6c), and degree of supersaturation (Fig. 4.6d). In
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addition, aragonite to calcite stabilization involves dissolution of the former and precipitation of
the latter. As a result, calcite heterogeneously nucleates on the aragonite surface, and crystal lattice
ions (Ca2+ and CO32-) are supplied by dissolution of aragonite reactant. Accordingly, reactant
characteristics such as type and surface area, as well as fluid:solid ratio of the system may also
affect calcite crystal morphology (Fig. 4.5, 4.7, and 4.8).

Figure 4.4 SEM photomicrographs from Series 4 showing calcite microcrystals from stabilization in solutions with
different chemical compositions. (A) NaCl (Series 4-1). (B) KCl (Series 4-3). (C) Na2SO4 (Series 4-6). (D) CaCl2
(Series 4-5).
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Figure 4.5 SEM photomicrographs from Series 5 showing calcite microcrystals stabilized from different pulverized
reactants. (A) Synthetic aragonite needles (Series 5-1). (B) Gastropods (Series 5-2). (C) Corals (Series 5-5). (D) Ooids
(Series 5-6). Note that synthetic aragonite stabilized to euhedral calcite crystals, whereas natural marine allochems (B,
C, and D) stabilized to subhedral (i.e., polyhedral) microcrystals.

Fluid Chemistry
The observation that stabilization in the CaCl2 solution produced polyhedral calcite
microcrystals (Fig. 4.6d) can be explained by the increase in the supersaturation with respect to
calcite due to the common ion effect (Bischoff and Fyfe, 1968). A change in the degree of
supersaturation is accompanied by a change in growth rates of the different crystal surfaces but to
different degrees (Sunagawa, 2007), which result in a change in crystal morphology (Fig. 4.6d).
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Bosak and Newman (2005) demonstrated that as supersaturation with respect to calcite increases,
calcite crystal morphology changes from rhombohedral to framboidal. The effect of
supersaturation on crystal morphology is a well-known phenomenon and has also been
documented in many minerals (e.g., Sunagawa, 2007).

Figure 4.6 SEM photomicrographs from Series 5 showing calcite microcrystals stabilized from different whole
(unpowdered) reactants. (A) Corals (Series 5-7). (B) Ooids (Series 5-8). (C) Penicillus (Series 5-11). All reactants
stabilized to subhedral microcrystals exhibiting fitted-partial texture.

Mg2+ and SO42- have been observed to substitute for Ca2+ and CO32- in the calcite crystal
lattice both in experimental and natural settings (Busenberg and Plummer, 1985; Morse, 1986).
These ions increase the solubility of calcite, and significantly slow down its growth rate (Bischoff
and Fyfe, 1968; Berner, 1975; Busenberg and Plummer, 1985). More important perhaps, Mg2+ and
SO42- can distort the calcite crystal lattice, which can translate into a change in crystal morphology.
The incorporation of SO42- and its substitution with CO32- explain our observations that
stabilization in Na2SO4 solution was slower and resulted in polyhedral calcite microcrystals
compared to Series 1 (Fig. 4.6c). In contrast, monovalent ions, such as Na+ and K+ have been
hypothesized to occupy interstitial positions in calcite crystal lattice because they do not readily
substitute for the divalent Ca2+ (Ishikawa and Ichikuni, 1984). In this case, incorporated Na+ and
K+ do not distort crystal structure, and thus no change in crystal morphology occurs. This mode of
incorporation is consistent with our observation that stabilization in NaCl and KCl solutions
produced euhedral calcite microcrystals similar to those resulted in stabilization in distilled water
(compare Fig. 4.1 with Fig. 4.6a and 4.6b). These observations suggest that the effect of (impurity)
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ions on calcite crystal morphology depends on whether the incorporated ions substitute with calcite
crystal lattice ions or reside within the lattice.

Figure 4.7 SEM photomicrographs from Series 6 showing calcite microcrystals stabilized from aragonite reactants
with different size fractions. (A) 90-106 µm (Series 6-1). (B) 8-20 µm (Series 6-2). (C) <8 µm (Series 6-3). All
microcrystals are euhedral but larger reactants produced crystals with granular euhedral texture (A), whereas smaller
reactants stabilized to crystals with fitted textures (B and C).

Fluid:solid Ratio
There are multiple explanations for why stabilization experiments in low fluid:solid ratio
produce anhedral and subhedral rather than euhedral calcite microcrystals (Fig. 4.5d). First, the
anhedral and subhedral microcrystals may reflect the texture of the single crystal aragonite
reactant, which is characterized by anhedral constituents (supplemental Fig. 4.S5a). It has also
been suggested that the aragonite to calcite transformation regime (i.e., style) is determined by the
fluid:solid ratio (e.g., McManus, 1982; Pederson et al., 2019). Transformation in high fluid:solid
ratio occurs via bulk dissolution-reprecipitation, which obliterates reactant texture, whereas
transformation in low fluid:solid ratio occurs via thin fluid films, and results in retention of
precursor texture (McManus, 1982). However, our results show that stabilization of synthetic
aragonite needles in low fluid:solid ratio (Series 3-5 in Table 4.1) yields anhedral and euhedral
microcrystals (supplemental Fig. 4.S2). This observation argues against the idea that calcite
microcrystal texture reflects that of the aragonite precursor.
An alternative hypothesis to explain the origin of anhedral and subhedral crystals in the
low fluid:solid ratio experiments (Fig. 4.5c and 4.5d) involves a competition of growing crystals
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for space. When crystals grow in aggregation, their morphology is altered by the physical barriers
(i.e., other crystals or container walls) that they grow into (Sunagawa, 2007). The effect of crystal
competition can be seen in all experiments where crystals grow into each other and their
morphologies are altered accordingly (e.g., Fig. 4.1 and 4.5). But crystal competition is probably
more prominent in the low fluid:solid ratio experiments because growing crystals are more likely
to be surrounded by aragonite reactants and other growing calcite crystals than by solvent
molecules (Fig. 4.5d). This interpretation is further supported by the observation that smaller
microcrystals that are solitary are also more euhedral compared to larger microcrystals that are
surrounded by other crystals (Fig. 4.5c and 4.5d).
Reactant Type
Although single crystal aragonite and synthetic aragonite reactants have very different
textures (supplemental Fig. 4.S5a and 4.S5b), both inorganic reactants invariably stabilize to
euhedral calcite microcrystals (Fig. 4.1 and 4.7a, respectively). In contrast, natural marine
allochems, such as gastropod, coral, Halimeda, Penicillus, and ooids, despite being characterized
by different textures (supplemental Fig. 4.S5), stabilize to polyhedral calcite microcrystals (Fig.
4.7b, 4.7c, and 4.7d) and are characterized by the slowest reaction rates (Fig. 4.3d). These
observations indicate that under the experimental conditions tested, reactant texture does not
impact calcite microcrystal texture. Instead, the presence of organic matter in natural marine
allochems may be responsible for the retardation of reaction rate, and the formation of polyhedral
calcite microcrystals. Organic matter is common in natural waters and in association with
carbonate sediments (Morse et al., 2007). Organic matter has been demonstrated to influence
reaction kinetics of carbonate minerals (e.g., Jackson and Bischoff, 1971; Morse et al., 2007;
Casella et al., 2017) and their crystal morphology (e.g., Bosak and Newman, 2005; Morse et al.,
2007). Jackson and Bischoff (1971) investigated the influence of various amino acids commonly
found in natural waters (Morse et al., 2007) on the aragonite to calcite reaction rate. They observed
that the presence of neutral and basic amino acids accelerated the reaction rate, whereas acidic
amino acids retarded it. They attributed the inhibiting effect to the substitution of the extra
negatively charged carboxyl group (COOH) for CO32- in the calcite crystal lattice. In contrast,
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basic and neutral amino acids contained only one carboxyl group, which they reasoned was
unavailable for substitution due to interaction with an amine group in the amino acid. However,
Jackson and Bischoff (1971) did not report on how these organics affected calcite crystal
morphology.
It is likely that the natural marine allochems examined here contained enough organic
matter to impact calcite crystal texture during stabilization through substitution with CO32- in
calcite crystal lattice. Although natural marine allochems were chemically treated to eliminate
organic matter, chemically treated reactants did not stabilize faster compared to untreated reactants
(supplemental Fig. 4.S6), suggesting that chemical treatment was ineffective in eliminating
organic matter. The influence of organic matter on stabilization rate and calcite crystal morphology
may be similar to that of SO42-, which was inferred to substitute with CO32- leading to retardation
of reaction rate (Fig. 4.3c) and formation of subhedral crystals (Fig. 4.6c).
Controls on Calcite Microcrystal Size and Compactness
In homogenous nucleation, crystal size is controlled by an interplay between nucleation
and growth rates (Genck and Larson, 1972; Myerson, 2002). The individual effect of the nucleation
and growth rates on crystal size is difficult to discern, but both are incorporated in the overall
reaction rate (Myerson, 2002). In heterogeneous nucleation (e.g., nucleation on a foreign surface),
as it is the case here, crystal size may also be controlled by nucleation density (reactant surface
area), in addition to nucleation and growth rates (Fig. 4.2c).
Under constant surface area (i.e., reactant size), the average crystal size (ACS) of calcite is
inversely proportional to the overall reaction rate (Fig. 4.2d). Reaction rate in turn is controlled by
temperature, fluid:solid ratio, solution chemistry, and reactant type (Fig. 4.3). When these
variables (except reactant type) are examined individually, it is clear that they independently affect
ACS and reaction rate in a similar manner, such that they increase reaction rate and yield smaller
ACS compared to Series 1 (Fig. 4.2). Based on the understanding that higher nucleation rate
produces smaller crystals because a larger number of crystals are competing for the same solutes
(e.g., Ca2+ and CO32-) during growth (Genck and Larson, 1972), our ACS observations suggest that
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temperature, fluid:solid ratio, and solution chemistry increase the nucleation rate more than the
crystal growth rate.
Reaction rate and ACS from temperature, fluid:solid ratio, and CaCl2 solution experiments
(Series 2, 3, and 4-7) plot along a straight line (Fig. 4.2d), suggesting that their effect on nucleation
and growth rates is similar. In contrast, reaction rate and ACS from experiments in the NaCl
solution (Series 4-1) plot off the trend (ACS = 4.90 µm and overall reaction rate = 2.06 %
product/hour). An explanation for this discrepancy requires thorough understanding of how and
why temperature, fluid:solid ratio, CaCl2, and NaCl catalyze nucleation and growth rates. More
specifically, what makes the effect of NaCl on reaction rate and crystal size different from other
parameters? Bischoff (1968) attributed the effect of NaCl on reaction rate to the increased ionic
strength of the solution, but the specific mechanism by which NaCl (and ionic strength) catalyze
the reaction is still unknown and requires further investigation.
In addition to nucleation and growth rates, aragonite reactant size also exerts a measurable
effect on ACS of calcite (Fig. 4.2c). Though not directly measured, an inverse relationship between
material size and reactive surface area is well established, at least for solids with simple
microstructure (e.g., Walter and Morse, 1984). Coarser reactants have less reactive surface area,
which likely corresponds to a lower nucleation density, and thus limits the number of calcite
crystals that can nucleate on their surface. This results in fewer, but larger crystals. In contrast,
finer reactants with larger surface area are associated with a higher nucleation density, and thus
result in more abundant but smaller crystals.
An important consideration is that coarser reactants correlate with slower reaction. As a
result, one may attribute the observed proportional relationship between reactant size and product
ACS to the slower reaction rate. However, the experiment with 90 – 106 µm reactant size (Series
6-1) produced calcite with an ACS of 13.28 µm, which falls off the trend between reaction rate
and crystal size (Fig. 4.2d). This suggests that the inverse relationship observed between reactant
surface area and calcite crystal size cannot be explained by the reaction rate alone, and highlights
the role of nucleation density in controlling calcite crystal size.
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Regarding the degree to which calcite crystals are fitted together, smaller reactants are
expected to produce abundant crystals that are more closely spaced to each other due to a higher
nucleation density, which can explain why experiments with smaller reactant size (< 20 µm)
produced fitted texture (Fig. 4.9b and 4.9c). Furthermore, surface area, and thus nucleation density,
is not only controlled by reactant size, but by reactant microstructure as well (Walter and Morse,
1984). Walter and Morse (1984) showed that surface areas of some biogenic allochems, such as
Halimeda and coral, are controlled by microstructure and surface roughness rather than by
allochem size. Figure 4.S5 highlights the differences in microstructure between the various
allochems used in our experiments. In general, all aragonitic natural marine allochems are
characterized by rough surfaces and complex microstructures compared to pulverized single
crystal aragonite and synthetic aragonite needles (Fig. 4.S5). Consequently, these rough surfaces
of allochems contribute to a higher surface area, and thus higher nucleation density. The higher
nucleation density associated with natural marine allochems may explain the observation that these
reactants stabilized to fitted texture (Fig. 4.8a, 4.8b, and 4.8c).
Reactant type also influences reaction rate and calcite crystal size (Fig. 4.3d, 4.7, and 4.8).
However, crystal size measurements were not performed for reactant type experiments (Series 5),
due to the likely influence of organic matter in natural marine allochem reactants on reaction
kinetics and crystal size (section 4.1.3), which makes interpretations equivocal. Additionally, the
relationship between the size of natural marine allochem reactants and their surface area is very
complicated (Walter and Morse, 1984).
Implications for Natural Stabilization
Calcite Microcrystal Morphology and Texture
Our results demonstrate that calcite microcrystal morphology, and thus texture, is
determined by reactant type, fluid chemistry, and fluid:solid ratio (section 4.1). Since these
variables vary significantly in natural settings (e.g., Gischler et al., 2013), inferences regarding the
characteristics of precursor sediment or the diagenetic conditions of stabilization based only on
calcite microcrystal texture are equivocal. However, such practices are not uncommon in literature.
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For example, Longman and Mench (1978) suggested that the elongated morphology of calcite
microcrystals in the Cretaceous Edwards limestone emulate the shape of the aragonite needles
comprising the inferred precursor sediment. Our observations show that calcite microcrystal
morphology is unrelated to the morphology of the precursor aragonite. We specifically show that
stabilization of aragonite needles results in euhedral calcite microcrystals (Fig. 4.7a). Another
example is the hypothesis that stabilization in low fluid:solid ratio (i.e., closed system) produces
calcite with a granular (framework) texture, whereas stabilization in high fluid:solid ratio (i.e.,
open system) produces calcite microcrystals with a mosaic (fitted) texture (Moshier, 1989a). The
implication in the open system case is that the fluid is supersaturated with respect to calcite, leading
to precipitation of calcite as cement overgrowths. Our results refute this hypothesis and, instead,
show that stabilization in both high and low fluid:solid ratios can yield calcite microcrystals with
a granular texture (Fig. 4.5).
Another key implication from this study is demonstrating that textures that have previously
been interpreted to indicate late diagenetic processes such as burial dissolution and cementation,
may be the result of the early diagenetic process of stabilization. Lambert et al. (2006)
hypothesized that rounded calcite microcrystals (i.e., granular subhedral) result from partial
dissolution of the edges and corners of rhombic microcrystals (i.e., granular euhedral) during burial
diagenesis. Observations such as rounded crystal shape, and “microgulfs and microchannels”
between adjacent crystals were used as evidence for the dissolution model. This model has been
extensively criticized based on theoretical (mass balance) arguments and petrographical
observations (e.g., Kaczmarek et al., 2015; Ehrenberg et al., 2019). Our observations show that
coral and ooid reactants stabilized to calcite microcrystals dominated by polyhedral morphologies
and exhibited bimodality (Fig. 4.7c and 7d). Moreover, stabilization of aragonite in CaCl2 solution
yields a few polyhedral calcite microcrystals (Fig. 4.6d). These observations indicate that
polyhedral calcite microcrystals can result directly from stabilization of metastable sediments,
which offers an alternative diagenetic model to forming this common calcite microcrystal texture.
The suggestion that fitted textures indicate cementation due to compaction (e.g., Lambert
et al., 2006; Volery et al., 2010a; Deville de Periere et al., 2011) is based on the observed
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association between fitted texture, stylolitization, and epitaxial overgrowth cement. Our
observations show that fitted textures can be produced during stabilization of natural marine
allochems such as corals, ooids, and Penicillus (Fig. 4.8 and 4.S3) and the ultra-fine single crystal
aragonite (Fig. 4.9b and 4.9c). What is common between these two experiments is that fine
reactants and marine allochems are both characterized by high surface area, which results in high
nucleation density, and thus closely spaced (i.e., fitted) calcite microcrystals (section 4.2). The
fitted textures that result during stabilization are similar to the compact anhedral texture of Lambert
et al. (2006), and the meshed microfabric texture of Volery et al. (2010a). Based on these
observations, at least some fitted textures can be produced during stabilization, and may not require
burial compaction.
Calcite Microcrystal Size
Our results show that calcite microcrystal size is controlled by temperature, fluid:solid
ratio, fluid chemistry, and reactant size (section 4.2). Additionally, precursor mineralogy
(aragonite vs. HMC) has been proposed by Lasemi and Sandberg (1993) to control calcite
microcrystal size. They reasoned that calcite nucleates more readily on HMC, which would result
in smaller microcrystals, compared to aragonite. These observations imply that, in ancient
limestones, it is challenging to determine the controls on calcite microcrystal size. An attempt has
been made by Deville de Periere et al. (2011), who observed that coarser calcite microcrystals
were associated with rudist-rich bioclastic facies, whereas finer microcrystals were associated with
muddier facies. They suggested that calcite microcrystal size may be determined by the
depositional hydrodynamic conditions. Perhaps, the implication here is that calcite microcrystals
are depositional in origin, since the studied limestones were Cretaceous and thus precipitated
during “calcite seas” (Sandberg, 1983). Another way to interpret the observations of Deville de
Periere et al. is that precursor sediment with smaller size fractions are characterized by larger
surface area (high nucleation density), thus yields smaller calcite microcrystals, whereas sediment
with larger size fractions yield larger microcrystals (Fig. 4.9). It is important to note that Deville
de Periere et al. (2011) stated that the relationship between calcite microcrystal size and
depositional environments is observed in some intervals, but it falls apart in other intervals. This
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observation may attest to the difficulty of preservation of such relationships in the rock record, and
perhaps to the possible control on crystal size by other depositional and diagenetic variables.
Large calcite crystals (i.e., microspar) are often suggested to have formed from smaller
calcite microcrystals (i.e., micrite) through aggrading neomorphism (e.g., Bathurst, 1975; Volery
et al., 2010a; Morad et al., 2018). Conceptually, aggrading neomorphism is similar to Ostwald
ripening (Morse and Casey, 1988), and the two terms have been used interchangeably. In principle,
smaller particles (e.g., crystals) are more soluble compared to larger particles due to the
contribution of surface free energy (Morse and Casey, 1988), and should consequently
recrystallize to larger crystals with time. For carbonates, however, the influence of particle size on
solubility is only significant for particles whose diameter is < 0.1 µm and decreases exponentially
with increasing particle size (Morse and Mackenzie, 1990). What this means is that Ostwald
ripening rate (i.e., dissolution rate) is a function of initial crystal size. Morse and Mackenzie (1990)
calculated the rate of Ostwald ripening in seawater at 25 °C, and showed that calcite crystals with
1 µm diameter would take 1 billion years to dissolve, whereas 0.1 µm crystals would dissolve in
100,000 years. Our results (Series 1) are consistent with these calculations and show that aragonite
stabilizes to calcite with an average crystal size (ACS) of 5.28 µm (Fig. 4.2a) and does not increase
with extended reaction time. Therefore, aggrading neomorphism (i.e., Ostwald ripening) does not
appear to be operative on calcite microcrystals that result from stabilization, probably because the
initial crystal size is large, and thus the contribution of surface free energy to solubility is
insignificant. However, we measured ACS with reaction time only for experiments with <63 µm
reactants (Series 1). It should be noted that experiments with finer reactants (Series 6-2 and 6-3)
produced smaller ACS compared to Series 1 (Fig. 4.2c). Such fine crystals are expected to be more
susceptible to Oswald ripening.
The Applicability of Experiments to Natural Settings and the Path Forward
Since aragonite to calcite stabilization rate at room temperature is too slow (e.g., McManus,
1982), higher temperatures are required to stabilize aragonite in a reasonable period of time.
However, reaction mechanism may differ as a function of temperature, and consequently
stabilization in the laboratory may not reflect stabilization in nature (Morse and Mackenzie, 1990).
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The dependence of reaction mechanism on temperature can be determined using Arrhenius plot.
This analysis has previously been performed by several authors (e.g., Taft, 1967; Bischoff, 1969;
McManus, 1982), who concluded that the aqueous transformation of aragonite to calcite is
characterized by the same reaction mechanism across the range of temperature examined (50 –
300 °C) (see review by McManus, 1982). Furthermore, Vahrenkamp et al. (2014) used clumped
isotopes to determine the temperature at which stabilization occurred in a Cretaceous limestone
and inferred a temperature between 59 – 72 °C. Another observation that is consistent with the
hypothesis that similar reaction mechanisms operate in experimental and natural stabilization is
the textural similarities between the calcite produced from experiments and calcite in nature. These
observations indicate that using a reaction temperature of 70 °C in experiments is justified, and
that conclusions reached from experiments regarding calcite microcrystal textures are relevant to
natural systems.
The observations that calcite microcrystal texture is controlled by various depositional and
diagenetic conditions, and that these conditions vary considerably in nature have two implications.
First, generalizations regarding the diagenetic origin of calcite microtextures based on limited case
studies are unwarranted. Second, understanding the diagenetic history of calcite microcrystal
textures requires comprehensive evaluation of local conditions. Furthermore, this and other studies
(e.g., McManus, 1982; Papenguth, 1991; Casella et al., 2017; Pederson et al., 2019) have shown
that the experimental approach provides invaluable insights into the diagenesis of calcite
microtextures. Further experimental work is needed to evaluate other textural controls, such as
organic matter and trace elements in aragonite reactants, on calcite during stabilization. Finally,
we show here that polyhedral calcite microcrystals can form during stabilization. It is still
undetermined whether polyhedral crystals can form via dissolution of euhedral calcite crystals as
previously suggested (Lambert et al., 2006).
Conclusions
Aragonite stabilization experiments produce low-magnesium calcite microcrystals
exhibiting textures remarkably similar to those commonly observed in the rock record. Calcite
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microtextures are impacted by various depositional and diagenetic parameters. Calcite
microcrystal morphology is controlled by fluid chemistry, fluid:solid ratio, and reactant type,
whereas calcite microcrystal size is controlled by temperature, fluid:solid ratio, fluid chemistry,
and reactant size. The degree to which these calcite microcrystals are fitted together, in contrast,
is controlled by reactant size and reactant microstructure.
These findings show that although aragonite to calcite stabilization is a simple mineral
replacement reaction, the process is complicated owing to the variations in types, sizes, and
textures of aragonitic sediments in nature, and the various diagenetic conditions under which
stabilization occurs. This study challenges most of the existing hypotheses regarding the origin of
calcite microcrystal textures. Specifically, we show that textures that have been interpreted to
indicate late diagenetic processes such as dissolution and cementation, may be the result of the
early diagenetic process of stabilization.
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Figure 4.S1. Crystal size of calcite from Series 1 at various reaction times. The boxes represent the 25th – 75th
percentiles whereas the whiskers show the 10th – 90th percentiles. The line inside the box refers to the median, and the
x represents the average.
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Figure 4.S2. SEM photomicrographs from Series 3-5 showing anhedral and euhedral calcite crystals stabilized from
synthetic aragonite needle reactant in low fluid:solid ratio. Remnants of aragonite needle reactant can also be seen.

Figure 4.S3. SEM photomicrographs from Series 5 showing subhedral calcite crystals exhibiting fitted-partial texture,
and vary in size across the area of reactants. (A and B) Stabilized corals (Series 5-7). (C and D) Stabilized ooids
(Series 5-8).
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Figure 4.S4. SEM photomicrographs from Series 5 showing calcite crystals stabilized from (A) non-pulverized
Halimeda, and (B) pulverized Halimeda. Both reactants stabilized to subhedral calcite crystals, most of which are
>10 µm.
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Figure 4.S5 SEM photomicrographs showing the complex texture and microstructure of some of the aragonite
reactants used in the stabilization experiments. (A) Pulverized single crystal aragonite comprised of anhedral particles
(<63 µm). (B) Synthetic aragonite needles approximately 16 µm in length. (C) Coral fragment. (D) An enlarged view
of the coral in (C) showing that the rough surface of the coral which is comprised of clusters of micron-size particles.
(E) An ooid. (F) An enlarged view of the ooid in (E) showing that the ooid is comprised of submicron equant particles.
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(G) Halimeda. (H) A zoomed view of the Halimeda in (G) showing that the Halimeda is comprised of aragonite
needles and nanograins.

Figure 4.S6 Plots of percent product vs. reaction time of chemically treated (Series 5-3 and 5-4), and untreated coral
and ooid reactants from experiments conducted at 100 ºC. The curves show that chemically treated reactants do not
necessarily react faster than untreated reactants (see section 2 for the details of chemical treatment).
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Abstract
Phanerozoic limestones are composed of low-Mg calcite microcrystals (i.e., micrite) that
typically measure between 1 and 9 µm in diameter. These microcrystals, which host most of
microporosity in subsurface reservoirs, are characterized by a variety of microtextures. Despite the
overwhelming consensus that calcite microcrystals are diagenetic, the origin of the various textures
is widely debated. The most commonly reported texture is characterized by polyhedral and
rounded calcite microcrystals, which are interpreted to form via partial dissolution of rhombic
microcrystals during burial diagenesis. A proposed implication of this model is that dissolution
during burial is responsible for significant porosity generation. This claim has been previously
criticized based on mass-balance considerations and geochemical constrains. To explicitly test the
dissolution model, a series of laboratory experiments were conducted whereby various types of
calcites composed of rhombic and polyhedral microcrystals were partially dissolved under a
constant degree of undersaturation, both near and far-from-equilibrium.
Our results indicate that calcite crystals dissolved under far-from-equilibrium conditions
develop rounded edges and corners, inter-crystal gulfs (narrow grooves or channels between
adjacent crystals), and a few etch pits on crystal faces – observations consistent with the burial
dissolution hypothesis. Crystals dissolved under near-equilibrium conditions, in contrast, retain
sharp edges and corners and develop ledges and pits – suggesting that dissolution occurs more
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selectively at high-energy sites. These observations support the longstanding understanding that
far-from-equilibrium dissolution is transport-controlled, and near-equilibrium dissolution is
surface-controlled. Our results also show that while the rhombic calcite crystals may develop
rounded edges and corners when dissolved under far-from-equilibrium conditions the crystals
themselves do not become spherical. By contrast, polyhedral crystals not only develop rounded
edges and corners when dissolved under far-from-equilibrium conditions but become nearly
spherical with continued dissolution. Collectively, these observations suggest that rounded calcite
microcrystals more likely form from a precursor exhibiting an equant polyhedral texture, rather
than from a euhedral rhombic precursor as previously proposed. Lastly, the observation that calcite
crystals developed rounded edges and corners and inter-crystal gulfs after only 5% dissolution
indicates that the presence of such features in natural limestones need not imply that significant
porosity generation has occurred.
Introduction
Phanerozoic limestones globally are characterized by low-Mg calcite (calcite)
microcrystals that typically range in diameter between 1 and 9 µm that comprise both carbonate
matrix and allochems (Moshier, 1989; Kaczmarek et al., 2015). These microcrystals are important
because the micropores hosted among them account for most of limestone microporosity (Cantrell
and Hagerty, 1999; Kaczmarek et al., 2015; Hashim and Kaczmarek, 2019). Calcite microcrystals
have been classified according to various textural classes based on crystal shape, size, and contact
geometry (e.g., Moshier, 1989; Deville de Periere et al., 2011; Kaczmarek et al., 2015). Although
these classifications differ in their details, they largely agree on how to differentiate between the
three major textural classes - granular (i.e., framework), clustered, and fitted (i.e., mosaic) that
have been observed globally (e.g., Moshier, 1989; Kaczmarek et al., 2015). Importantly, the
textural classes are characterized by distinct porosities, permeabilities, and pore-throat dimensions
(Kaczmarek et al., 2015; Hashim and Kaczmarek, 2019).
There is a general consensus that calcite microcrystals are diagenetic in origin and form
through mineralogical stabilization of aragonite and high-Mg calcite (HMC) in shallow-marine
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sediments, as well as via recrystallization of calcite in deep-sea chalk sediments (e.g., Budd, 1989;
Moshier, 1989; Munnecke et al., 1997; Fabricius, 2007; Hasiuk et al., 2016). Most experimental,
petrographic, and geochemical evidence is consistent with a model whereby stabilization to calcite
occurs during early diagenesis via a dissolution-reprecipitation reaction (Budd, 1989; Al-Aasm
and Azmy, 1996; Munnecke et al., 1997; Malone et al., 2001; Kaczmarek et al., 2015). For
example, experimental studies have consistently shown that aragonite stabilizes to calcite
microcrystals that are remarkably similar in size and shape to those observed in natural limestones
(e.g., McManus and Rimstidt, 1982; Papenguth, 1991; Hashim and Kaczmarek, 2020).
Observations from Cenozoic sediments suggest that calcite microcrystals can form among
aragonitic sediments in contact with meteoric fluids (Steinen, 1982), and seawater-derived pore
fluids (Melim et al., 2002; Malone et al., 2001). Geochemical data (Mg/Ca, Sr/Ca, 𝛿13C, and 𝛿18O)
from a global collection of Phanerozoic limestones suggest that most calcite microcrystals in the
rock record have formed in shallow burial and likely from marine-derived fluids (Hasiuk et al.,
2016).
Despite the general consensus that calcite microcrystals are diagenetic, the genetic origins
of the various microcrystal textures are widely debated (Budd, 1989; Kaczmarek et al., 2015;
Lucia, 2017; Hashim and Kaczmarek, 2019). Microcrystal textures have been attributed to the
depositional characteristics of the precursor sediments such as mineralogy, size, and type (e.g.,
Lasemi and Sandberg, 1993), diagenetic conditions of the stabilization process, such as fluid
chemistry and fluid-to-solid ratio (e.g., Folk, 1974; Moshier, 1989), and diagenetic processes such
as late-stage dissolution, cementation, and compaction (e.g., Lambert et al., 2006; Deville de
Periere et al., 2011).
An experimental study by Hashim and Kaczmarek (2020) demonstrated that numerous
depositional and diagenetic factors, such as reactant size and type, fluid chemistry, and fluid:solid
ratio, impact the resultant texture of the stabilized calcite. They showed, for example, that
polyhedral calcite crystals can form directly during stabilization of (i) biogenic aragonitic
allochems, such as ooids and corals, or (ii) powdered single-crystal aragonite in high-[Ca]
solutions. Based on textural observations, similar polyhedral and rounded calcite microcrystals
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have previously been interpreted to reflect partial dissolution of initially euhedral and subhedral,
rhombic calcite crystals by corrosive fluids during burial diagenesis (Lambert et al., 2006). It
further was suggested by Lambert et al. (2006) that such dissolution can lead to large volumes of
porosity generation in the subsurface. Although this dissolution hypothesis is commonly cited to
explain the origin of rounded calcite microcrystals (e.g., Rosales et al., 2018; Tavakoli and
Jamalian, 2018; Valencia and Laya, 2020), it has been criticized from multiple perspectives. In a
global study of Phanerozoic limestones, Kaczmarek et al. (2015) showed that many calcite
microcrystals described as rounded are in fact multifaceted polyhedral microcrystals exhibiting no
compelling evidence of dissolution. These authors argued, therefore, that truly rounded calcite
crystals are uncommon in limestones, and that multi-faceted polyhedral crystals more likely form
during stabilization. The claim that large volumes of porosity are generated during burial
dissolution was criticized by Ehrenberg et al. (2012, 2019), who argued that this model is
unrealistic based on mass-balance considerations and geochemical constraints.
Calcite dissolution has been extensively investigated in the laboratory and in field settings.
The vast majority of published studies focus on dissolution kinetics (Morse, 1974b; Berner and
Morse, 1974; Rickard and Sjӧberg, 1983; Sjӧberg and Rickard, 1983; Sjӧberg and Rickard, 1984;
Walter and Morse, 1985; Svensson and Dreybrodt, 1992; Campton and Sanders, 1993; Gutjahr et
al., 1996; Arvidson et al., 2003; Arvidson et al., 2006; Subhas et al., 2015; Naviaux et al., 2019).
Numerous studies have also reported on the nanometer-scale surface features resulting from calcite
dissolution at near-equilibrium conditions (e.g., Lasaga and Blum, 1986; MacInnis and Brantley,
1992; Stipp et al., 1994; Liang et al., 1996; Arvidson et al., 2003; Friis et al., 2003; Arvidson et
al., 2006). However, the overall morphology (i.e., texture) of calcite crystals subjected to
dissolution conditions in the laboratory, and how it compares to the morphology of calcite crystals
observed in natural limestones, have rarely been addressed (e.g., Berner and Morse, 1974; Jones
and Pemberton, 1987). To bridge this knowledge gap, well-controlled laboratory experiments were
employed to directly test the dissolution hypothesis, and to further explore the various geological
factors that contribute to microcrystal texture.
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Methods
Experimental Procedure
Laboratory dissolution experiments were conducted using the pH-stat technique developed
by Morse (1974a), which allows calcite dissolution to occur under a constant-saturation state
(Ωcalcite). Keeping Ωcalcite constant can be attained by considering the dissolution of calcium
carbonate according to the following equations:
CaCO3 + 2H + ⇌ Ca2+ + H2 O + CO2
Ωcalcite =

aCa2+ ∙ aCO2−
3

Keq

=

(1)

aCa2+ K012 ∙ PCO2
Keq
a2H+

(2)

Where Ω = saturation state, a = activity, Keq = equilibrium constant for reaction (1), pCO2 = partial
pressure of CO2, and K012 = the activity equilibrium constant for the following reaction:
CO2 + H2 O ⇌ 2H + + CO2−
3
Rearranging Equation 2 and using K ′ =

Ωcalcite = K ′

(3)
K012
Keq

, gives,

aCa2+ ∙ PCO2

(4)

a2H+

Equation 4 shows that in order to keep Ωcalcite constant during dissolution, aCa2+, pCO2, and
aH+ must remain constant (Morse, 1974a). In our dissolution experiments, pCO2 was held constant
by bubbling gas-CO2 mixture of known composition through the solution. The pH of the solution,
and thus aH+, was fixed by continuous addition of acid to compensate the H+ ions consumed during
calcite dissolution. The aCa2+ is assumed to be nearly constant given that a negligibly small amount
of Ca is added to the solution through calcite dissolution compared to the high amount of Ca
originally present in the solution (Morse, 1974a).
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A schematic diagram of the pH-stat system is shown in Figure 5.1. The dissolution reaction
of calcite takes place in a 900 mL Pyrex reaction vessel placed in a temperature bath set to a
constant temperature. An overhead electric stirrer is used to continuously stir the reaction solution
with a constant stirring rate that is fast enough to keep the calcite solid suspended in the solution.
A gas bubbler is used to bubble air through the solution. The pH of the solution is monitored using
an electrode attached to a pH controller. Before each experimental series, a three-point pH
calibration was performed at pH 4, 7, and 10, using buffers traceable to NIST standards.

Figure 5.1 A schematic diagram of the pH-stat system used for the dissolution experiments.

A predetermined pH value is set on the pH controller with a small hysteresis (dead band)
to prevent oscillation around the set pH value. The pH of the solution is then brought as close as
possible (within ~ 0.2 pH units) to the set pH value on the low end by adding either Na2CO3 or
HCl. A known mass of calcite is then added, marking the beginning of the dissolution experiment.
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When a predetermined value of pH is exceeded (due to calcite dissolution), the controller activates
an automated syringe which injects HCl acid of known normality into the reaction vessel. The
amount of acid injected is monitored and automatically recorded in real time, and is then used to
calculate the dissolution rate based on the stoichiometry of Equation 1, and Equation 5 (Walter
and Morse, 1984):
R=

N ∙ Vt

(5)

2∙w

Where R = dissolution rate (mol.g-1.s-1), N = normality of acid (eq.L-1), Vt = volume of acid
added per second (L.s-1), and w = initial weight of calcite (g). The dissolution rate can be
normalized by the calcite reactant surface area according to the following equation:
R=

N ∙ Vt

(6)

2∙w∙s

Where s = surface area (cm2.g-1). When normalized by surface area, the dissolution rate
unit is mol.s-1.cm- 2. The percent calcite dissolved as a function of reaction time was then calculated
using the following equation:
D=

N ∙ Vt ∙ M
2∙w

∙ 100

(7)

Where D = calcite dissolved (%), and M = molecular weight of calcite (g. mol-1). All
experiments were conducted at constant temperature of 25 ℃, and pCO2 of 10-3.4. A 600 ± 10 mL
of NaCl-CaCl2 containing the same [Ca] and ionic strength as seawater of average salinity was
used as a reaction solution (Millero, 2016), and 1 g of calcite reactant. A pipette was used to sample
approximately 10 ± 2 mL of the reaction solution. The mixed fluid-solid sample was immediately
separated using a vacuum flask, rinsed with distilled water, filtered, and the solid materials were
dried in a vacuum desiccator at room temperature.
In total, eight experimental series were conducted, and each series was replicated at least
once (Table 5.1). Ωcalcite in each series was set by fixing the pH at a specific value. The pH values
used were 4 ± 0.2, 6 ± 0.1, 7 ± 0.05, and 7.5 ± 0.05, which correspond to Ωcalcite of 10-7.89, 10-3.90,
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10-1.85, and 10-0.85, respectively. Note that under our experimental conditions, the pH value at which
calcite is at equilibrium with the solution (Ωcalcite = 1) was 7.92. In all the series, sampling was
done at 5%, 10%, and 30% calcite dissolved. This was possible because % calcite dissolved was
calculated in real time (i.e., as dissolution was occurring) and was displayed on a computer screen.
This was done through a computer program which uses as input (before the start of each
experiment) acid normality and calcite reactant weight. The program receives the volume of acid
added continuously from the automated syringe, and it uses Equation 7 to calculate % calcite
dissolved.
It should be pointed out that the terminology used to describe the distance from equilibrium
is relative. It has been previously established that below a pH of approximately 4 – 5, dissolution
rate is linearly dependent on solution pH and independent of pCO2 (Plummer et al., 1979; Morse
and Arvidson, 2002). Above this pH range, dissolution rate becomes progressively independent
on solution pH, and dissolution mechanisms vary in a complex manner as equilibrium is
approached (Morse et al., 2007). The exact pH values separating these regions are poorly defined
(Morse et al., 2007). Accordingly, we consider experiments conducted at pH = 4 to be far-fromequilibrium or high degree of undersaturation. In contrast, experiments conducted at both pH = 7
and 7.5 are considered near-equilibrium or low degree of undersaturation.
Table 5.1 Summary of experimental conditions and dissolution rates*
Experiment
Series
Series 1
Series 2
Series 3
Series 4
Series 5
Series 6
Series 7
Series 8

Reactant
Synthetic calcite
Synthetic calcite
Synthetic calcite
Synthetic calcite
Stabilized corals
Stabilized single crystal aragonite
Natural calcite
Natural calcite

Reactant
Texture
Rhombic
Rhombic
Rhombic
Rhombic
Polyhedral
Rhombic
Polyhedral
Polyhedral

pH
4.0
6.0
7.0
7.5
4.0
4.0
4.0
7.5

Saturation
Index (Ωcalcite)
10-7.89
10-3.90
10-1.85
10-0.85
10-7.89
10-7.89
10-7.89
10-0.85

Dissolution Rate
(mol/min.g)
10-2.74
10-4.00
10-4.47
10-4.70
10-3.33
10-3.00
10-3.64
10-4.83

* All experiments were conducted at 25 ℃, using 1 g of reactant and ~ 600 mL of solution. The pCO2 in
all experiments was 10-3.4.
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Four types of calcite microcrystals were used as reactants in the dissolution experiments
(Table 5.1). These include: (i) synthetic calcite microcrystal precipitates (Sigma Aldrich; Series 1
- 4), (ii) calcite microcrystal precipitates formed via stabilization of initially aragonitic corals
(Series 5), (iii) calcite microcrystals formed via stabilization of single crystal aragonite (SCA;
Series 6), and (iv) natural diagenetic calcite microcrystals (Series 7 and 8). All calcite microcrystals
are euhedral, meaning that they are characterized by obvious, well-formed flat faces. Specific
microcrystal texture is different between the Series.
Material specifications from Sigma Aldrich report that the synthetic calcite is 99% pure.
Our X-ray diffraction (XRD) analysis suggests that the synthetic material is a highly pure calcite.
Scanning electron microscope (SEM) analysis showed that the synthetic calcite is composed of
rhombic (euhedral) microcrystals ranging in diameter between 1 and 15 µm (Fig. 5.2A). Synthetic
calcite has a BET surface area of 0.38 m2.g-1.
The stabilized calcites were prepared by stabilizing pulverized (< 63 µm) corals and SCA
at 200 ℃ in distilled water following the method described by Hashim and Kaczmarek (2020).
XRD analysis showed that the stabilized corals and SCA are composed of approximately > 95%
calcite and < 5% aragonite based on peak intensities (described below). SEM imaging showed that
the calcite from stabilized corals is composed of polyhedral (multifaceted) microcrystals (Fig.
5.2B), whereas the calcite from the stabilized SCA is composed of rhombic microcrystals (Fig.
5.2C). Textural variations between these calcites have been previously discussed by Hashim and
Kaczmarek (2020).
Natural diagenetic calcites were sampled from a drill core of Lower Cretaceous limestone
(Shuaiba Fm.) from U.A.E. (Budd, 1989). Natural calcite samples were examined with SEM to
characterize their texture, and those that were composed of polyhedral (multi-faceted) crystals
were chosen for the dissolution experiments. The selected samples were then pulverized using an
agate mortar and pestle and dry sieved to obtain a size fraction between 90 and 202 µm. This size
fraction was chosen to broadly match the other calcite reactants, and to minimize the effects of
surface area on dissolution rates (Walter and Morse, 1985). Pulverization to a very fine size
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fraction was avoided because it may impact calcite micro-texture. SEM imaging showed that the
natural calcite is composed of polyhedral crystals with no change in texture observed with
progressive pulverization (Fig. 5.2D).
Surface Area, XRD, and SEM
A three-point BET (Brunauer et al., 1938) specific-surface-area analysis for the synthetic
calcite was performed using Micromeritics TriStar II 3020 instrument equipped with a nitrogen
gas purge. Standard powder XRD techniques were used to determine the mineralogy of the solid
reactants. Powders were prepared with an agate mortar and pestle. Powders were then mounted on
a boron-doped silicon P-type zero background diffraction plates and placed in a Bruker D2 Phaser
Diffractometer with a CuKα anode. Relative abundances of aragonite and calcite were determined
using the ratio of calcite 104 and aragonite 111 peak heights (h) after subtracting the background
intensity (Milliman, 1974):
% calcite =

hcalcite 104

(8)

hcalcite 104 + haragonite 111

SEM imaging was performed on a Field Emission JEOL 7500 using an accelerating voltage
of 5 kV and a working distance of 6 ± 0.2 mm. Samples were coated with 10 nm of osmium to
avoid charging effects. Crystals were described in terms of their overall morphology (e.g.,
rhombic, polyhedral, rounded), edges and corners (sharp vs. smooth, curved, or rounded), crystal
surface features (dissolution pits, layers, and roughness), and inter-crystal boundaries. “Crystal”
and “microcrystal” are used interchangeably to refer to micrometer-size calcite crystals measuring
≤ 10 μm consistent with the definition of Kaczmarek et al. (2015). This terminology will be
consistently used throughout the article.
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Figure 5.2 SEM images of the various microcrystalline calcite reactants used in the dissolution experiments. A)
Synthetic calcite (Series 1 – 4) composed of rhombic crystals. B) Calcite stabilized from aragonitic coral (Series 5)
composed of polyhedral crystals. C) Calcite stabilized from single-crystal aragonite (Series 6) composed of euhedral
rhombic crystals. D) Natural calcite from a drill core of Lower Cretaceous limestone (Series 7 and 8) composed of
polyhedral crystals with some curved edges and corners.

Results
Dissolution Rates
Experimentally determined dissolution rates are summarized in Table 5.1 and are plotted
as a function of pH in Figure 5.3A. The amount of calcite dissolved (%) as a function of reaction
time for Series 1 – 4 is shown in Figure 5.3B. These data show that dissolution rates exhibit a
strong inverse covariance with solution pH and a normal covariance with the degree of solution
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undersaturation with respect to calcite (Fig. 5.3A). Dissolution rate in Series 1 (pH = 4) is
approximately two orders of magnitude faster than dissolution rate in Series 4 (pH = 7.5).
Experiments conducted at the same pH but with different calcite reactants show considerable
variability in dissolution rate, particularly at lower pH values (Fig. 5.3A).

Figure 5.3 A) Experimentally determined dissolution rates plotted as a function of solution pH. Dissolution rate
increases with the decrease of solution pH. B) Semi-log plot of the percent of calcite dissolved calculated using
Equation 7 for Series 1 – 4 as a function of reaction time.

While dissolution rates reported here are not normalized to reactant surface area, we
measured the surface area of the synthetic calcite reactant used in Series 1 – 4 so that a direct
comparison between our rates and those reported in previous studies is possible. The dissolution
rate in Series 1 is 0.0018 mol.min-1.g-1. Normalizing by the synthetic calcite surface area of 3800
cm2.g-1 and converting the units yields a log dissolution rate of 4.40 mg.cm-2.yr-1, which is in a
good agreement with the log dissolution rate of 4.36 mg.cm-2.yr-1 reported by Berner and Morse
(1974) for a comparable reactant and dissolution conditions. The calculated log dissolution rate is
also within the range of log dissolution rates of 3.48 – 4.48 mg.cm- 2.yr- 1 reported by Arvidson et
al. (2003) based on a compilation of published data. It should be noted that the dissolution rate
measured in our study, like all other bulk-chemistry studies, is a macroscopic rate. This rate
represents an average of varied region-specific rates (different crystal faces, edges, corners, pits,
etc.) (Noiriel et al., 2020).
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Calcite Crystal Morphology
Some of the dissolution features described below are shown at high magnification in Figure
5.4. Series 1 (synthetic calcite, pH = 4) results show that after 5% calcite dissolution, the initially
rhombic calcite microcrystals develop smooth edges and corners (Fig. 5.5A), but the crystals retain
their original overall shape and do not become spherical. Inter-crystal boundaries are characterized
by gulfs (sensu Lambert et al., 2006), which are defined as narrow grooves or channels between
adjacent, touching crystals. In some cases, dissolution accentuates inter-crystal boundaries with
the appearance of gulfs. In other cases, however, dissolution preferentially occurs at edges and
corners as evidenced by the rounding, which tends to obscure the boundaries between touching
crystals. As dissolution proceeds to 10%, crystals are still characterized by smooth edges and
corners, and inter-crystal gulfs, and some crystal faces develop flat-bottomed, smooth-sided etch
pits with shapes that vary between rectangular to irregular (Fig. 5.5B). At 30% dissolution, crystals
are still characterized by smooth edges and corners, inter-crystal gulfs, and pits, but now some
crystal edges and corners are characterized by narrow ledges (sensu Berner, 1980) oriented parallel
to one another in a stair-stepping fashion (Fig. 5.5C). Crystal surfaces are also rougher and bumpy
in appearance due to what appears to be fine particles attached to the surfaces (Fig. 5.5C).
Series 2 (synthetic calcite, pH = 6) results show that after 5% calcite dissolution, crystals
retain their original rhombic shape but are characterized by distinct layers on crystal surfaces that
are either oriented parallel to the crystal faces or appear irregular in nature (Fig. 5.5D). Some
crystals develop slightly smooth edges and corners, but the general morphology of these crystals
remains rhombic (Fig. 5.5D). Etch pits similar to those observed in Series 1 are more common in
Series 2. After 10% and 30% dissolution, ledges become increasingly pronounced (Fig. 5.5E,
5.5F). Similar to Series 1, crystal surfaces become rougher after 30% dissolution.
Series 3 and 4 (synthetic calcite, pH = 7 and 7.5, respectively) results show that after 5%
calcite dissolution, crystals retain their rhombic shape with sharp edges and corners and crystal
faces characterized by distinct layers (Fig. 5.5G, 5.5J). After 10 and 30% dissolution, layers
become deeper and spaced farther apart (Fig. 5.5H, 5.5I, 5.5K). Smaller crystals are partially
embedded in larger ones (Fig. 5.5H, 5.5I, 5.5K, 5.5L), which is more common in Series 4 than in
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Series 3. Etch pits are common in all Series 3 and 4 experiments after 5% dissolution. Some etch
pits are rectangular in shape with some edges oriented parallel to the crystal faces (Fig. 5.5G,
5.5H), but with most appearing more randomly oriented (Fig. 5.5K). In both series, crystals
commonly occur in clusters but the boundaries between individual crystals remain sharp and gulfs
are not observed.
Collectively, the observations from Series 1 – 4 show that smooth edges and corners and
inter-crystal gulfs are most developed in Series 1 and become progressively less pronounced and
less common towards Series 4. Furthermore, smooth edges and corners and inter-crystal gulfs
develop after 5% dissolution and continue to exist after 10% and 30% dissolution, but they do not
become more common with further dissolution (Fig. 5.5). In contrast, etch pits, dissolution layers,
and ledges are least developed in Series 1 and become progressively more common towards Series
4. These features typically appear after 5% dissolution and become increasingly more common
and more visible with further dissolution (Fig. 5.5).
Series 5 (stabilized coral, pH = 4) results indicate that after 5% calcite dissolution, most of
the initially polyhedral calcite crystals constituting the stabilized coral reactant (Fig. 5.2B) develop
smooth, curved edges and corners, and etch pits similar to those observed in Series 1 (Fig. 5.6A).
After 10% and 30% dissolution, crystals are still characterized by a few etch pits as well as crystal
edges and corners that are smooth and curved, but inter-crystal boundaries are characterized by
gulfs (Fig. 5.6B). Surface roughness also becomes more noticeable, though it does not appear to
reflect the presence of etch pits or depressions but rather the occurrence of fine particles that make
the surface bumpy (Fig. 5.6C). Some compromise boundaries between crystals remain sharp (Fig.
5.6A, 5.6C), similar to those observed in the undissolved reactants (Fig. 5.2B). Lacy, web, and
strand-like structures are observed on and between some crystals (Fig. 5.6B).
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Figure 5.4 High-magnification SEM images of partially dissolved calcite crystals showing some of the dissolution
features discussed in this study. A) SEM image from Series 5 showing an inter-crystal gulf, which is defined as a
narrow groove or channel between adjacent crystals (sensu Lambert et al., 2006). B) SEM image from Series 8
showing rectangular (white arrows) and irregular (black arrows) dissolution pits. C) SEM image from Series 3 showing
dissolution layers on a calcite crystal surface. D) SEM image from Series 8 showing stair-stepping ledges on a calcite
crystal edge.

Series 6 (stabilized single crystal aragonite, pH = 4) results show that after 5% calcite
dissolution, crystals remain euhedral with well-developed faces and sharp edges and corners, and
some crystal surfaces develop sharp and irregular pits (Fig. 5.6D). Some of the pits observed in
Series 6 (Fig. 5.6E) are similar to those observed in other experiments (e.g., Fig. 5.6A), while some
others differ significantly in their irregular shapes, larger sizes, pointed bottoms, and the fact that
some of them occur in clusters (Fig. 5.6D). Aggregates of equant and elongated nanocrystals are
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also observed (Fig. 5.6D). After 10% calcite dissolution, crystal edges, corners, and surfaces
develop layers (Fig. 5.6E). In most cases, the layers are broadly subparallel to one another, but the
orientations of the steps between layers are highly irregular. A few small (< 0.2 µm in diameter)
and irregular pits are observed on crystal surfaces (Fig. 5.6E). After 30% calcite dissolution, crystal
surfaces become rough and some crystal corners become slightly curved, meaning that crystals
themselves become less euhedral (Fig. 5.6F).
Series 7 (natural calcite, pH = 4) results indicate only subtle textural modifications are
observed after 5% calcite dissolution (Fig. 5.2D). Calcite crystals remain polyhedral with flat
faces, but some crystal edges and corners become slightly rounded and other edges develop fine
ledges (Fig. 5.6G). After 10% calcite dissolution, the ledges become wider and thus more easily
discernible, and crystal surfaces become rougher and uneven (Fig. 5.6H). Further dissolution to
30% yields crystals with smoother edges and corners, but the crystals largely remain polyhedral
(Fig. 5.6I).
Series 8 (natural calcite, pH = 7.5) results show that after 5% calcite dissolution, crystal
edges exhibit sharp and discrete ledges (Fig. 5.6J). In most cases, the ledges are parallel to one
another and to crystal faces. After 10% dissolution, crystals remain generally polyhedral, but the
ledges are more widely spaced (Fig. 5.6K). After 30% dissolution, ledges become even more
widely spaced, and some crystal faces develop dissolution pits (Fig. 5.6L). Most of the pits are
shallow and small, sharp-sided, and irregular in shape, and their orientation is highly variable.
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Figure 5.5 SEM images of dissolved calcite crystals for Series 1 – 4 representing different degrees of fluid
undersaturation with respect to calcite. Each horizontal row presents representative SEM images for one Series at
5%, 10%, and 30% dissolution. A) Series 1 (5% dissolution): Crystals characterized by smooth edges and corners
(white arrows), inter-crystal gulfs (black triangles), and rare etch pits (black arrows). B) Series 1 (10% dissolution):
Similar to Part A, crystals characterized by smooth edges and corners (white arrows), inter-crystal gulfs (black
triangles), and etch pits (black arrows). C) Series 1 (30% dissolution): Crystals characterized by smooth edges and
corners (white arrows), and pits (black arrows), but crystals have a rougher appearance than in Parts A and B, and
some crystal faces now characterized by narrow, parallel ledges (white triangles). D) Series 2 (5% dissolution):
Crystals characterized by dissolution layers and ledges (white triangles) and etch pits (black arrows). Some crystals
develop slightly curved edges and corners (white arrows), but they remain rhombic. E) Series 2 (10% dissolution):
Similar to Part D, crystals characterized by slightly smooth edges and corners (white arrows), etch pits (black arrows),
and ledges (white triangles) on crystal edges. F) Series 2 (30% dissolution): Crystals characterized by slightly smooth
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edges and corners (white arrows), and etch pits (black arrows), but some crystals have more developed ledges than in
Parts E and F. The ledges are irregular but parallel to one another and to crystal surfaces. G) Series 3 (5% dissolution):
Crystals characterized by rhombic morphology with sharp edges and corners, distinct dissolution layers (white
triangles), and etch pits (black arrows). The etch pits are either rectangular in shape and oriented parallel to crystal
surfaces or irregular and randomly oriented. H) Series 3 (10% dissolution): Similar to Part G, crystals with sharp edges
and corners and some pits (black arrows) but crystals are characterized by distinct dissolution layers and ledges (white
triangles). I) Series 3 (30% dissolution): Similar to Parts G and H, crystals characterized by ledges and dissolution
layers (white triangles), and pits (black arrows), but crystal edges and corners become smoother and more curved
(white arrows) than in Parts G and H. J) Series 4 (5% dissolution): Crystals characterized by rhombic morphology
with sharp edges and corners and distinct dissolution layers (white triangles). K) Series 4 (10% dissolution): Similar
to Part J, crystals characterized by rhombic morphology with sharp edges and corners and distinct dissolution layers
(white triangles), but crystals develop dissolution pits (black arrows). L) Series 4 (30% dissolution): Similar to Parts
J and K, crystals characterized by rhombic morphology with sharp edges and corners, dissolution layers (white
triangles), and pits (black arrows).

High-resolution SEM images provide a more detailed look at the effects of dissolution.
These images show that both synthetic and natural calcite dissolved under far-from-equilibrium
conditions (Series 1 and 7, respectively) develop smooth and rounded crystal edges and corners
(Fig. 5.7A, 5.7B) compared to synthetic and natural calcite dissolved under near-equilibrium
conditions (Series 4 and 8, respectively), which develop ledges on crystal edges and corners (Fig.
5.7C, 5.7D). In the dissolution experiments conducted under far-from-equilibrium conditions, the
edges and corners of the synthetic calcite crystals are smoother than those on natural calcite
crystals (Fig. 5.7A, 5.7B). Additionally, the far-from-equilibrium dissolution experiments of the
natural calcite reactant shows that the initially polyhedral crystals develop smooth edges and
corners and the overall crystal morphology becomes more spherical, but the crystals retain their
straight faces even after 30% calcite dissolution (Fig. 5.8).
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Figure 5.6 SEM images of dissolved calcite crystals for Series 5 – 8 representing different types of calcite reactants
and degrees of fluid undersaturation with respect to calcite. Each horizontal row presents representative SEM images
for one Series at 5%, 10%, and 30% dissolution. A) Series 5 (5% dissolution): Crystals characterized by smooth edges
and corners (white arrows) and etch pits (black arrows). B) Series 5 (10% dissolution): Similar to Part A, crystals
characterized by smooth edges and corners (white arrows) and etch pits (black arrows), but now some inter-crystal
boundaries develop gulfs (black triangles) while other boundaries are characterized by sharp borders. Webs and
strands of organic matter (OM with white arrows) are observed on and between crystals. C) Series 5 (30% dissolution):
Similar to Parts A and B, crystals characterized by smooth edges and corners (white arrows), inter-crystal gulfs (black
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triangles), and etch pits (black arrows), but crystals have a rougher appearance than in Parts A and B. D) Series 6 (5%
dissolution): Crystals characterized by sharp edges and corners, and sharp-sided, irregular pits (black arrows).
Aggregates of equant and elongated nanocrystals are observed (gray arrows). E) Series 6 (10% dissolution): Crystals
characterized by irregular but parallel dissolution layers (white triangles), as well as a few dissolution pits (black
arrows). Crystal edges and corners are slightly smoother than in Part E. F) Series 6 (30% dissolution): Crystals
characterized by smooth edges and corners (white arrows), and rough crystal surfaces. G) Series 7 (5% dissolution):
Crystals characterized by fine ledges (white triangles), and some smooth edges and corners, but they remain
polyhedral. H) Series 7 (10% dissolution): Crystals still characterized by polyhedral morphology, and wider and more
visible ledges (white triangles) than in Part G. I) Series 7 (30% dissolution): Crystals characterized by smoother and
more curved edges and corners compared to Parts G and H, but they remain polyhedral. J) Series 8 (5% dissolution):
Crystals characterized by polyhedral morphology and distinct, deep, parallel ledges (white triangles). K) Series 8 (10%
dissolution): Similar to Part J, crystals characterized by polyhedral morphology, but the ledges (white triangles)
become wider and more visible, and rare pits (black arrows) are observed. L) Series 8 (30% dissolution): Similar to
Parts J and K, crystals characterized by polyhedral morphology and ledges (white triangles), but the ledges are more
separated and thus more visible. Crystal surfaces develop small, sharp-sided, irregular, and randomly oriented
dissolution pits (black arrows).

Discussion
Transport-Controlled vs. Surface-Controlled Dissolution
How we interpret our data is ultimately guided by our conceptual understanding of mineral
dissolution in aqueous solutions, which assumes the following processes: (i) diffusion of reactants
to the mineral surface, (ii) physicochemical reactions at the mineral-fluid interface (i.e., ion
exchange, surface diffusion, hydration, desorption, etc.) that ultimately lead to the detachment of
ions, and (iii) transport of products from the mineral surface to the bulk solution (Berner, 1980;
Rickard and Sjӧberg, 1983; Murphy et al., 1989; Morse and Arvidson, 2002). Typically, one of
these processes is slower than the others, and is thus referred to as the rate-limiting step because it
governs the overall dissolution rate (Morse and Arvidson, 2002). When reactions at the mineral
surface are slower than diffusion of reactants or products, a reaction is considered surfacecontrolled. In contrast, reaction rates limited by diffusion are called transport-controlled reactions
(Berner, 1978, 1980). Which dissolution mechanism dominates depends on several factors,
including the degree of undersaturation, hydrodynamic conditions, mineral solubility and
reactivity, temperature, and the presence of kinetic inhibitors (Berner, 1978; Morse and Berner,
1979; Sjöberg and Rickard, 1984; Svensson and Dreybrodt, 1992; Morse et al., 2007). Whether
dissolution is transport-controlled or surface-controlled dictates the type of dissolution features on
the dissolving mineral (Berner, 1980). It has previously been demonstrated that when dissolution
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occurs under high degrees of undersaturation (i.e., far-from-equilibrium), ion detachment is likely
to be faster than ion transport, and thus dissolution is expected to be transport-controlled, whereas
when dissolution occurs under low degrees of undersaturation (i.e., near-equilibrium), ion
detachment is likely to be slower than ion transport, and thus dissolution is expected to be surfacecontrolled (Berner, 1980; Sjöberg and Rickard, 1983; Morse and Arvidson, 2002). At intermediate
degrees of undersaturation, a transition region has been inferred where dissolution is jointly
controlled by ion transport and surface reactions (Sjöberg and Rickard, 1983).
The experimental design of our study explicitly controls for several of the factors described
above. First, all experiments were conducted at the same temperature. Second, the hydrodynamic
component (diffusion and advection) is assumed to be constant across all dissolution experiments
because the stirring rate is an experimental control. Third, our solutions are devoid of all known
calcite dissolution inhibitors, such as magnesium (e.g., Arvidson et al., 2006), orthophosphate
(e.g., Walter and Hanor, 1979; Svensson and Dreybrodt, 1992), strontium (e.g., Gutjahr et al.,
1996), and organic compounds (e.g., Compton and Sanders, 1993). Therefore, the observed
differences in reaction rate and crystal texture can be confidently attributed to the only two
experimental variables investigated: the degree of undersaturation and/or reactant type (Table 5.1).
Evolution of Crystal Morphology During Dissolution
Our data show that dissolution at high degree of undersaturation (Series 1, 5, 6, and 7)
results in crystals with smooth and rounded edges and corners (Figs. 5.5A-C, 5.6A-C, 5.6G-I),
implying that dissolution is mainly transport-controlled. High degrees of undersaturation lead to
dissolution that occurs evenly across the crystal surface and preferentially along edges and corners
because these features have more exposed reactive surface area compared to flat crystal faces
(Berner, 1978; Lasaga, 2014). In contrast, dissolution at lower degrees of undersaturation (Series
3, 4, and 8) yields crystal surfaces characterized by etch pits, dissolution layers, and ledges (Figs.
5.5D-L, 5.6J-L), suggesting that dissolution is surface-controlled. Low degrees of undersaturation
promote selective dissolution at excess energy sites such as point defects, dislocations (edge and
screw), and steps and kinks (Berner, 1978; Morse and Arvidson, 2002; Lasaga, 2014). Note that
in Series 1 (pH = 4), where dissolution occurred at high degree of undersaturation, few dissolution
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pits were observed (Fig. 5.5B, 5.5C), implying that dissolution was perhaps not purely transportcontrolled, but is more likely jointly controlled by transport and surface processes (Sjöberg and
Rickard, 1983). Dissolution in Series 2 (pH = 6) also led to the formation of pits and ledges as well
as slightly smooth edges and corners on the dissolving crystals (Fig. 5.5D-5F), suggestive of
dissolution controlled by both transport and surface reactions.

Figure 5.7 High-resolution SEM images of synthetic and natural calcite crystals dissolved under far-from-equilibrium
and near-equilibrium conditions. A, B) Calcite crystals characterized by smooth edges and corners, but edges and
corners of the synthetic calcite crystal (A) are smoother than those of the natural calcite crystal (B). C, D) Calcite
crystals characterized by sharp ledges and layers, but ledges and layers of the synthetic calcite crystal (C) are smoother
than those of the natural calcite crystal (D).
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The results from Series 6 are inconsistent with this interpretation in that the solution was
highly undersaturated, yet calcite crystals did not initially develop rounded edges and corners (Fig.
5.6D-6F) as they did in Series 1, 6, and 7, which had the same solution chemistry but different
reactant types. We attribute this discrepancy to the possible presence of small remnants of
aragonite with the calcite stabilized from single-crystal aragonite (SCA) that was used as a reactant
in Series 6. XRD diffractograms confirm that the stabilized SCA used in Series 6 contained small
amount of aragonite. Given that aragonite is more soluble than calcite (Morse et al., 1980) and
generally has faster dissolution kinetics (Walter and Morse, 1985), aragonite would have reacted
faster, and after 5% dissolution, only very little of the calcite may have dissolved. In fact, SEM
observations suggest the presence of finely crystalline material that differs in appearance from
calcite (Fig. 5.6D) that could be small remnants of partially dissolved aragonite, though this could
not be confirmed with XRD due to the lack of sufficient sample size following the dissolution
experiments. Aragonite remnants in the stabilized SCA calcite can also explain the irregular pits
observed on calcite crystal surfaces (Fig. 5.6D), which are similar to the aragonite relics reported
in diagenetic calcite crystals in natural settings interpreted to have been stabilized from aragonite
(e.g., Sandberg et al., 1973; Steinen, 1982; Lasemi and Sandberg, 1993; Munnecke et al., 1997).
This explanation is also consistent with the observation that Series 6 samples taken from the 10%
and 30% dissolution experiments had calcite crystals that were more rounded with slightly curved
edges and corners, which is predicted from transport-controlled dissolution expected at higher
degrees of undersaturation (Fig. 5.6F).
Comparison between synthetic and natural calcites dissolved at the same high degree of
undersaturation (Series 1 and 7, respectively) shows that dissolved natural calcite crystals are less
rounded and have more ledges (Fig. 5.6C, 5.6G-I,) compared to dissolved synthetic calcite crystals
(Fig. 5.5A-C, 5.6A). This observation suggests that surface reactions were slower during
dissolution and that natural calcite is less reactive than the synthetic calcite. Numerous factors,
such as crystallinity, texture, defect density, and the presence of organic compounds and chemical
inhibitors, have been shown to influence mineral reactivity and thus dissolution rates in natural
calcites (e.g., Morse, 1974b; Naviaux et al., 2019). The observation that natural calcite dissolved
slower than synthetic calcite (Fig. 5.3A) also supports the claim that the natural calcite is less
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reactive. The fact that natural calcite reactants were coarser than the synthetic calcite reactants
(and thus had lower reactive surface area), however, could also explain the lower dissolution rate
for natural calcite. An inverse relationship between reactant size and dissolution rate is well
established in the literature (e.g., Walter and Morse, 1985; Morse and Arvidson, 2002; Subhas et
al., 2015).

Figure 5.8 High-resolution SEM images of a natural calcite crystal before and after dissolution under far-fromequilibrium conditions (Series 7). A) SEM image of natural calcite reactant showing an equant polyhedral crystal
characterized by well-developed crystal faces and slightly smooth edges and corners. B) SEM image of natural calcite
reactant after 30% dissolution under far-from-equilibrium conditions showing a nearly spherical crystal with smooth
edges and corners, as well as well-developed crystal faces observed.

Do Rounded Calcite Microcrystals in Natural Limestones Indicate Dissolution?
Based on textural evidence from a microporous Cretaceous limestone from Iraq (Mishrif
Fm.), Lambert et al. (2006) proposed that rounded calcite microcrystals with inter-crystal gulfs
reflect partial dissolution of rhombic and polyhedral crystals during burial diagenesis, an
explanation consistent with some of our experimental observations. For example, our experiments
show that partial dissolution of rhombic and polyhedral calcite crystals under a high degree of
undersaturation yields crystals with rounded edges and corners, as well as inter-crystal gulfs (Figs.
5.5A-C, 5.6A-C, 5.6G-I).
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Despite this agreement, multiple lines of evidence suggest that rounded crystals should not
be used alone as evidence for post-stabilization dissolution of calcite. First, Kaczmarek et al.
(2015) noted that many of the microcrystals described by others as rounded do not actually exhibit
strong evidence of roundness at crystal edges and corners. Rather, many of the microcrystals
appear polyhedral (i.e., multi-faceted) with sharp edges and flat crystal faces. Second, Hashim and
Kaczmarek (2020) recently demonstrated in laboratory experiments that polyhedral crystals with
rounded edges and corners can form directly during mineralogical stabilization from aragonite to
calcite. Given that the chemical conditions of these experiments did not permit dissolution of
calcite to occur, rounded calcite microcrystal shape does not appear to be conclusive evidence for
dissolution of a euhedral calcite precursor. Based on observations from natural limestones by
Lambert et al (2006) and our own experiments on calcite microcrystal dissolution (Figs. 5.5A-C,
5.6A-C), inter-crystal gulfs may serve as a better evidence for dissolution because they are the one
textural feature that develops only during dissolution.
If we accept that calcite microcrystals with rounded edges and corners and inter-crystal
gulfs, like those reported by Lambert et al. (2006), are produced during dissolution, what was the
shape or texture of the calcite precursor? If one assumes that fitted textures that are characterized
by a dense mosaic of closely packed crystals (Moshier, 1989; Kaczmarek et al., 2015), are unlikely
to produce a loose framework of rounded crystals upon dissolution, the two remaining candidate
textures are granular euhedral and granular subhedral (Kaczmarek et al., 2015). The most abundant
(35% relative abundance) calcite microcrystal texture in Phanerozoic limestones is the granular
subhedral, which is characterized by polyhedral and rounded microcrystals, whereas the granular
euhedral, which is characterized by rhombic microcrystals, is less abundant (10%) (Kaczmarek et
al., 2015). Perhaps the reason rhombic microcrystals are less abundant in ancient limestones is that
many have experienced partial dissolution and became polyhedral, which implies that dissolution
is much more common than generally thought. However, our data show that when dissolved under
a high degree of undersaturation, the rhombic crystals consisting the synthetic calcite reactants
(Series 1), developed rounded edges and corners as well as inter-crystal gulfs. But the
microcrystals themselves did not become spherical (Fig. 5.5A-5C). In contrast, when dissolved
under a high degree of undersaturation, the natural calcite polyhedral crystals (Series 7), and to a
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lesser degree, the coral polyhedral crystals (Series 5), not only developed rounded edges and
corners, but the microcrystals became nearly spherical (Figs. 5.6G-I, 5.6A-C, 5.8). These reactants
likely became more spherical with progressive dissolution because their initial equidimensional
shape (Figs. 5.2B, 5.2D, 5.8A) already approximates a spherical form. The synthetic calcite
microcrystals, in contrast, are initially rhombic with a longer c-axis dimension (Fig. 5.2A), which
upon dissolution is more likely to produce elongate crystals with rounded edges and corners as
was observed here (Fig. 5.5A-5C). Lastly, as noted in Kaczmarek et al. (2015), the calcite
microcrystals shown in Lambert et al. (2006) are polyhedral with well-developed crystal faces
rather than rounded, an observation that may provide strong evidence of the precursor shape: that
the co-occurrence of polyhedral and rounded calcite in the rock record may represent a direct link
between the two textures, demonstrating that calcite with rounded edges and corners, and intercrystal gulfs most likely formed via partial dissolution of a polyhedral precursor. This is supported
by the observation that, upon dissolution, the natural polyhedral crystals developed smooth edges
and corners and become more spherical, but they retained their well-developed, straight edges
(Fig. 5.8). Taken collectively, these observations suggest that the precursor of rounded crystals is
more likely to be equant polyhedral crystals, and not euhedral (micro-rhombic) calcite
microcrystals as proposed by Lambert et al. (2006).
The Burial Dissolution Model
To explain their observations of rounded calcite microcrystals with inter-crystal gulfs in a
Cretaceous limestone, Lambert et al. (2006) invoked corrosive fluids associated with oil migration
during burial diagenesis. Many other studies following Lambert et al. (2006) have invoked the
dissolution hypothesis based mainly on petrographic data and paragenetic relationships (e.g., Feng
et al., 2013; Rosales et al., 2018; Tavakoli and Jamalian, 2018; Valencia and Laya; 2020). Whereas
our data broadly support the hypothesis that rounded crystal shape and inter-crystal gulfs may
indicate dissolution, the specific conditions, mechanisms, and timing of large-scale dissolution in
nature are highly debated (Ehrenberg et al., 2012, 2019). Although a discussion on all aspects of
the burial dissolution model is beyond the scope of the current study, an examination of potential
dissolution mechanisms can provide some constraints on the burial-dissolution model.
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The observation that rounded crystals with inter-crystal gulfs only formed in experiments
where dissolution was transport-controlled, which was obtained by using high degrees of
undersaturation (Series 1, 5, and 7) suggest that, in natural settings, a specific set of chemical
conditions, namely highly acidic pore fluids, may be required to produce rounded microcrystals.
The presence of kinetic inhibitors in natural waters has also been shown to exert control on
dissolution reactions (Morse, 1974b, Morse and Arvidson, 2002). More specifically, kinetic
inhibitors, such as magnesium (e.g., Arvidson et al., 2006), orthophosphate (e.g., Walter and
Hanor, 1979; Svensson and Dreybrodt, 1992), strontium (e.g., Gutjahr et al., 1996), and organic
compounds (e.g., Compton and Sanders, 1993), may retard surface reactions during dissolution.
This suggests that, in natural settings, where kinetic inhibitors are abundant, an even higher degree
of undersaturation would be required to promote transport-controlled dissolution.
Hydrodynamic conditions also play a crucial role in determining the minimum degree of
undersaturation required for transport-controlled dissolution (Berner, 1978). The simplest way to
promote transport-controlled dissolution is with a high degree of undersaturation so that surface
reactions are faster than ion transport. Transport-controlled reactions can also be promoted with a
slow stirring rate, so that ion transport is slower than surface reactions. In all our experiments, we
employed a much higher stirring rate than expected in most geologic environments, which meant
that to achieve transport-controlled dissolution, a very high degree of undersaturation (pH = 4)
was required. We speculate that if calcite crystal dissolution occurred under slower stirring rates,
a lower degree of undersaturation (i.e., closer to equilibrium) would be sufficient to achieve
transport-controlled dissolution, and thus produce crystals with rounded edges and corners. If
dissolution in natural environments occurred during deep-burial diagenesis, as suggested by
Lambert et al. (2006), one would expect the microporous limestone to have a relatively low
permeability, and thus limited fluid flow (stirring rate in the laboratory is a proxy to fluid flow in
nature). This means that the degree of undersaturation required for transport-controlled dissolution,
and thus production of crystals with rounded edges and corners, would be lower than what was
required in our experiments. It is worth mentioning here that numerous studies have investigated
calcite dissolution under near-equilibrium conditions (e.g., Stipp et al., 1994; Liang et al., 1996;
Friis et al., 2003; Arvidson et al., 2006). Yet, most of these studies employ fast enough stirring
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rates so that dissolution is controlled by surface reactions (e.g., Arvidson et al., 2006; Xu and
Higgins, 2011).
Our ability to predict reaction mechanisms is extremely limited because dissolution,
diffusion, and advection rates in natural settings are rarely known (e.g., Berner, 1978). That being
said, the presence of rounded crystals with inter-crystal gulfs, and the lack of dissolution pits and
ledges (Lambert et al., 2006), suggest that dissolution was transport-controlled.
The claim that dissolution can lead to significant porosity generation in burial settings (e.g.,
Lambert et al., 2006; Swart et al., 2016; Rosales et al., 2018) also requires additional evaluation.
For example, Lambert et al. (2006) suggested that approximately 8 - 13% porosity is generated as
a result of burial dissolution based on, (i) difference in average porosity between samples
characterized by rounded crystals and those characterized by rhombic crystals, and (ii) an inverse
relationship between porosity and average crystal diameter. This claim was criticized by Ehrenberg
et al. (2012) based on mass-balance considerations and geochemical constraints. First, Ehrenberg
et al. demonstrated that a reduction in crystal diameter from 4.5 μm to 3 μm, as implied by the data
of Lambert et al. (2006), would result in a 71% loss of solid material, which is unrealistic. Second,
they showed that the trend of porosity vs. crystal diameter from Lambert et al. (2006), when
extrapolated, would result in only 64% porosity when crystal size is equal to zero, which implies
that cementation must have taken place in other parts of the reservoir. Accordingly, Ehrenberg et
al. (2012) concluded that an 8-13% increase in porosity is too high. Our data show that after only
5% dissolution, calcite crystals developed rounded edges and corners and inter-crystal gulfs (Figs.
5.5A, 5.6A). This means that burial dissolution in natural limestones need not mean extensive
porosity generation because crystals exhibiting evidence of dissolution (i.e., rounded edges and
corners and inter-crystal gulfs) may occur after only minor dissolution. This conclusion is also
supported by the observation that most of the crystals reported by Lambert et al. (2006) are not
rounded but rather polyhedral, which suggests that the rock has probably experienced slight
dissolution only.
Textural Criteria for Recognizing Dissolution
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Carbonate dissolution is common in a wide range of natural environments, and it is
significant in numerous critical topics, including the fate of anthropogenic CO2, global
geochemical cycles, and carbonate-reservoir properties (Morse and Arvidson, 2002). Although the
discussion above focuses on calcite microcrystal dissolution in burial settings, our experimental
results are broadly applicable to other natural environments where calcite dissolution may take
place. For example, calcite dissolution may occur within the water column (Milliman et al., 1999),
at the sediment-water interface (Subhas et al., 2019), within sediments during early diagenesis
(Malone et al., 2001), burial diagenesis (Lambert et al., 2006), and potentially as a result of CO2
sequestration in deep carbonate reservoirs (Pokrovsky et al., 2009). Additionally, and perhaps most
importantly, carbonate dissolution in the ocean is expected to become more pervasive due to the
falling saturation state with respect to carbonate minerals as a result of rising CO2 concentrations
(i.e., ocean acidification) (Kleypas et al., 1999; Morse et al., 2006). While calcite microcrystals
are not a major component of marine carbonate sediments in modern environments (e.g., Gischler
et al., 2013; Hashim and Kaczmarek, 2019), the dissolution features described here (pits, ledges,
rounding, etc.) are not unique to calcite microcrystals, and have been shown to develop during the
dissolution of other carbonate components (Berner, 1978; Hover et al., 2001; Arvidson et al., 2003;
Noiriel et al., 2020). For example, Hover et al. (2001) examined Holocene carbonates using highresolution imaging and observed pits on high-Mg calcite crystals and rounded terminations on
aragonite needles, which they ascribed to dissolution.
As demonstrated here, dissolution features on partially dissolved calcite microcrystals may
help identify the occurrence of dissolution in natural environments and assess whether dissolution
is surface controlled or transport controlled. This is particularly important when sampling of pore
fluids is not possible or in open systems where fluid chemistry is continuously evolving. While
carbonate dissolution has been extensively studied in the laboratory (e.g., Morse, 1974b; Arvidson
et al., 2003; Naviaux et al., 2019), textural changes of the dissolving material have received little
attention. Future work is needed to document textural evolution during dissolution of common
carbonate components in modern sediments, which will help us constrain carbonate dissolution in
natural environments, particularly as a consequence of ocean acidification.
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Conclusions
Our experiments show that dissolution of rhombic and polyhedral calcite microcrystals
under far-from-equilibrium conditions yields microcrystals with rounded edges and corners, intercrystal gulfs, and rare dissolution pits. Dissolution of rhombic and polyhedral calcite microcrystals
under near-equilibrium conditions, in contrast, yields microcrystals with sharp edges and corners,
as well as abundant dissolution pits, layers, and ledges. These observations are consistent with the
general understanding that dissolution under far-from-equilibrium conditions is transportcontrolled, whereas dissolution under near-equilibrium conditions is surface-controlled. These
data are also consistent with the interpretation that limestones with calcite microcrystals
characterized by rounded edges and corners, and inter-crystal gulfs, form through partial
dissolution during burial diagenesis.
Our data also show that while the rhombic calcite crystals may develop rounded edges and
corners when dissolved under high degrees of undersaturation, the crystals remain elongated, and
do not become spherical. In contrast, polyhedral crystals not only developed rounded edges and
corners when dissolved under high degrees of undersaturation, but became nearly spherical. These
observations suggest that the precursor of rounded microcrystals in microporous limestones is
more likely to be equant polyhedral crystals, and not euhedral rhombic calcite crystals as has been
previously proposed. Lastly, the observation that calcite crystals developed rounded edges and
corners and inter-crystal gulfs after only 5% dissolution indicates that the presence of such features
in natural limestones need not mean significant porosity generation.
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Abstract
Numerous Phanerozoic limestones are comprised of diagenetic calcite microcrystals
formed during mineralogical stabilization of metastable carbonate sediments. Previous laboratory
experiments show that calcite microcrystals crystallizing under conditions similar to those that
characterize meteoric diagenetic settings (impurity-free, low degree of supersaturation, high
fluid:solid ratio) exhibit the rhombic form/morphology, whereas calcite microcrystals crystallizing
under conditions similar to those that prevail in marine and marine burial diagenetic settings
(impurity-rich, high degree of supersaturation, low fluid:solid ratio) exhibit non-rhombic forms.
Based on these experimental observations, it is proposed here that rhombic calcite microcrystals
form exclusively in meteoric environments. This hypothesis is tested using new and previously
published textural and geochemical data from the rock record. These data show that the vast
majority of Phanerozoic limestones characterized by rhombic microcrystals also exhibit
petrographic and/or geochemical evidence (depleted 𝛿13C, 𝛿18O, and trace elements) indicative of
meteoric diagenesis whereas non-rhombic forms are associated with marine burial conditions. By
linking calcite microcrystal textures to specific diagenetic environments, our observations bring
clarity to the conditions under which the various microcrystal textures form. Furthermore, the
hypothesis that rhombic calcite microcrystals form exclusively in meteoric environments implies
that this crystal form may be a useful textural proxy for meteoric diagenesis.
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Introduction
Many Phanerozoic (541 Mya to present) limestones are characterized by low-Mg calcite
(calcite) microcrystals that typically measure between 1 and 9 µm in diameter and comprise both
carbonate matrix and allochems (Kaczmarek et al., 2015). There is a general consensus that these
calcite microcrystals are diagenetic (post-depositional) in origin and form during mineralogical
stabilization of metastable aragonite and high-Mg calcite sediments. Stabilization is a coupled
reaction that involves the dissolution of metastable minerals accompanied by the precipitation of
calcite (Hashim and Kaczmarek, 2019; 2021).
It is well documented that calcite microcrystals exhibit a wide range of crystal
forms/morphologies including rhombic, polyhedral (multi-faceted), rounded, anhedral, and
scalenohedral (Lambert et al., 2006; Deville de Periere et al., 2011; Léonide et al., 2014;
Kaczmarek et al., 2015; Alsuwaidi et al., 2021; Cochard et al., 2021; Tagliavento et al., 2021). The
vast majority of calcite microcrystals in Phanerozoic limestones are non-rhombic (Kaczmarek et
al., 2015), and exhibit geochemical signatures compatible with crystallization in marine-derived
pore fluids during shallow burial (Hasiuk et al., 2016).
Laboratory experiments show that calcite microcrystals crystallizing from impurity-free
solutions that are slightly supersaturated with respect to calcite (near-equilibrium) are rhombic
(Carmona et al., 2003; Davis et al., 2004; Sunagawa, 2007; Kim et al., 2016; 2017) (Fig. 6.1a).
Similarly, experiments whereby aragonite is stabilized to calcite in distilled water yields rhombic
microcrystals (Hashim and Kaczmarek, 2020). In contrast, calcite microcrystals exhibit nonrhombic forms (scalenohedral, polyhedral, anhedral, etc.) when crystallization occurs in solutions
that are highly supersaturated (Carmona et al., 2003), with high aCa2+/aCO32- (a is activity) or high
pH11,17, or in solutions containing various organic and inorganic impurities (Davis et al., 2004;
Kim et al., 2016). Likewise, calcite stabilized from aragonite in fluids containing Mg2+, SO42-, or
excess Ca2+, or under low fluid:solid ratios exhibits polyhedral (non-rhombic) and anhedral
microcrystals (Hashim and Kaczmarek, 2020) (Fig. 6.1b, c, d).
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Based on these experimental observations, we propose that the far more uncommon
rhombic calcite microcrystals in Phanerozoic limestones form exclusively in meteoric settings
because fluids here are generally devoid of the conditions that have been shown to produce nonrhombic forms. Meteoric diagenetic environments are generally characterized by (i) fluids with
much lower [Mg], [Ca], and [SO4] compared to seawater (Budd, 1988; McClain, 1992), (ii) active
oxidation of organic matter by O2 and SO42- (McClain et al., 1992; Swart and Oehlert, 2018) (iii)
fluids that are undersaturated or are only slightly supersaturated with respect to calcite18, and (iv)
high fluid to solid (i.e., water/rock) ratios (Kim et al., 2016). Using a global compilation of new
and previously published textural and geochemical data from Phanerozoic limestones, this study
aims to test the hypothesis that rhombic calcite microcrystals form exclusively in meteoric
diagenetic environments.
Results
Of the 31 microcrystalline limestone studies that investigated calcite microcrystals and
interpreted their diagenetic origin (Supplementary Table 6.S1), 11 report rhombic calcite
microcrystals (Table 6.1). New and previously published stable isotope data from the limestones
with rhombic microcrystals are reported in Figure 6.3. 𝛿13C measurements range from -6 to +5 ‰
and 𝛿18O range from -9.40 to -3.20 ‰ VPDB (Fig. 6.3). The three limestone units characterized
by rhombic calcite microcrystals examined here exhibit depleted 𝛿18O values, and except for the
Thamama Gp. calcites, exhibit depleted 𝛿13C values compared to the isotopic composition of ageequivalent marine calcites (Fig. 6.3). SEM images of natural and laboratory synthesized calcite
microcrystals are reported in Figure 6.1.
Representative SEM images from the three limestones studied here are reported in Figure
6.2. Textural and isotopic data for all the studied samples are summarized in Supplementary Table
6.S2 and Figure 6.S1. We examined 45 samples, of which 13 were examined both texturally and
isotopically: 3 from Malacca limestone, 5 from Stuart City Trend, and 5 from Thamama Gp. The
results from the three Malacca limestone samples show that the dominant calcite microcrystal form
is rhombic (Fig. 6.2a), though polyhedral crystals are also observed, and that all three samples
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exhibit depleted isotopic values (Supplementary Table 6.S2; Fig. 6.S1). It is also observed that the
sample with the most negative 𝛿13C is dominated by rhombic crystals whereas the sample with the
least negative 𝛿13C exhibits a mixture of rhombic and polyhedral crystals (Supplementary Table
6.S2). Similarly, all 5 samples from Stuart City Trend are characterized by either rhombic crystals
only, or a mixture of rhombic and non-rhombic (Fig. 6.2b; Supplementary Fig. 6.S1). Four of the
5 samples exhibit depleted isotopes (Supplementary Table 6.S2). All 5 samples from Thamama
Gp. (Shuaiba Fm. and Kharaib Fm.) have enriched 𝛿13C values and 4 are characterized by nonrhombic microcrystals (Supplementary Table 6.S2). Only one sample is characterized by
unequivocal non-rhombic forms (Supplementary Fig. 6.S1).

Figure 6.1 SEM images showing calcite microcrystals from various experimental and natural samples. (A) Rhombic
microcrystals from aragonite to calcite stabilization experiments in distilled water and high fluid to solid ratio. (B)
Polyhedral (multi-faceted) microcrystals from stabilization experiments in the presence of SO42- ([Na2SO4] = 28
mM). (C) Polyhedral microcrystals from stabilization experiments in the presence of Mg2+ ([MgCl2] = 5 mM). (D)
Polyhedral and anhedral microcrystals from stabilization experiments at low fluid to solid ratio (0.3 mL/g) (A-D are
modified after reference 16). (E) Rhombic calcite microcrystals among aragonitic needles in Holocene sediments from
the Bahamas, interpreted to have crystallized from freshwater (modified after reference 21). (F) Polyhedral and
anhedral calcite microcrystals from Clino well (1769 ft) drilled on the western edge of the Great Bahama Bank,
interpreted to have crystallized from marine-derived pore fluids (modified after reference 25). (G) Rhombic calcite
microcrystals from the Lower Cretaceous Stuart City Trend interpreted to have formed during meteoric diagenesis.
(H) Polyhedral calcite microcrystals from a carbonate reservoir in the Middle East interpreted to have formed during
marine burial diagenesis. All scale bars are 5 µm.

Table 6.1 Studies that report rhombic calcite microcrystals in Phanerozoic limestones.
Study (reference)

Geologic Unit

Age

Location
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Interpretation of Diagenetic environment

Table 6.1 - continued
This study

Miocene and
Cretaceous

Steinen 1982 (21)

Malacca Limestone,
Stuart City Trend,
and Shuaiba Fm.
Modern sediments

Moshier 1989 (32)
da Silva et al. 2009 (27)

Malacca Limestone
Campo

Indonesia
Spain

Perkins 1989 (35)

Stuart City Trend

Miocene
MidPaleocene
Cretaceous

Loucks et al. 2013 (33)
Loucks et al. 2017 (44)

Cretaceous
Cretaceous

Budd 1989 (34)

Stuart City Trend
Calvin and Winn
carbonates
Thamama Gp.

Cretaceous

Texas, USA
Louisiana,
USA
UAE

Moshier 1989 (38)

Thamama Gp.

Cretaceous

UAE

Holail and Lohmann
1994 (44)

Bahariya
Chalks

Cretaceous

Egypt

Deville de Periere et al.
2011 (5)

Mishrif Fm.

Cretaceous

Iraq; Qatar

Dickson and Kenter
2014 (46)

Bashkirian
Visean

Carboniferous

Kazakhstan

Oasis

&

Holocene

Indonesia;
Texas,
USA; UAE
Bahamas

Texas, USA

Meteoric based on depleted 𝛿13C and 𝛿18O
(except 𝛿13C in Shuaiba Fm.)
Meteoric based on the observation that the
sediments are residing in meteoric water
Meteoric based on depleted 𝛿13C and 𝛿18O
Meteoric based on exposure surfaces and
petrographic observations
Meteoric or marine burial based on depleted
𝛿18O isotopes and trace elements
No specific environment was inferred
Meteoric or shallow marine based on
petrographic observations
Meteoric based on low concentration of trace
elements and depleted 𝛿18O
Marine burial based on normal 𝛿13C and
depleted 𝛿18O
Meteoric based on depleted 𝛿13C and 𝛿18O,
low concertation of trace elements, and
petrographic observations
Meteoric based on depleted 𝛿13C and 𝛿18O,
and petrographic observations (clay-filled
karstic features, dissolution molds, sparry
cement), and proximity to an exposure
surface
Meteoric based on depleted 𝛿13C and 𝛿18O
and petrographic observations

Discussion
Based on numerous published experimental observations (Table 6.2) demonstrating that
rhombic calcite microcrystals form under a set of specific conditions, it is proposed here that the
presence of rhombic microcrystals is indicative of formation in meteoric fluids. The key lines of
evidence in support of this hypothesis are discussed below, and include observations from
laboratory experiments, observations from relatively modern carbonate sediments, and
observations from the ancient rock record.
Calcite Structural and Growth Forms
A large body of experimental observations (Table 6.2) demonstrates that calcite
microcrystals crystallizing under conditions similar to those that characterize meteoric settings
(impurity-free, low degree of supersaturation with respect to calcite, high fluid:solid ratio) exhibit
the rhombic form (Carmona et al., 2003; Davis et al., 2004; Sunagawa, 2007; Kim et al., 2016;
224

Kim et al., 2017; Hashim and Kaczmarek, 2020) (Fig. 6.1a). In contrast, calcite microcrystals
crystallizing under experimental conditions similar to those that characterize marine or marine
burial settings (impurity-rich, high supersaturation, low fluid:solid ratio) exhibit non-rhombic
forms (Carmona et al., 2003; Davis et al., 2004; Ruiz-Agudo, 2011; Kim et al., 2016; Hashim and
Kaczmarek, 2020) (Fig. 6.1b-d). Given that crystal form is dictated by the internal crystal structure
and the external growth conditions (Sunagawa, 2007), these experimental observations imply that
the rhombic form is the structural form of calcite, and is dictated by its rhombohedral crystal
system, whereas non-rhombic forms are growth forms, and are the result of various growth
conditions. That is, the absence of the growth conditions that interfere with the growing calcite
microcrystals in meteoric settings allows them to achieve their preferred structural rhombic form,
and the prevalence of those growth conditions in marine and marine burial settings leads to the
various non-rhombic growth forms.
The physical and chemical conditions of crystallization may dictate crystal forms in various
ways. Impurities, such as Mg2+, have been shown to adsorb on calcite growth steps, altering their
orientation, and thus changing calcite microcrystal form from rhombic to elongated, multi-faceted
crystals (Folk, 1974; Davis et al., 2004). Similarly, the occlusion of some organic additives, such
as amino acids, into the calcite lattice has been shown to distort the crystal form by creating
heterogenous strain throughout the lattice (Kim et al., 2016). In the case of fluids with a high
degree of supersaturation and high aCa2+/aCO32-, the observed alteration in crystal form from
rhombic to non-rhombic has been attributed to disproportionate growth rates on the various crystal
faces (Carmona et al., 2003). In contrast, the change in crystal form from rhombic to non-rhombic
in high pH fluids has been attributed to the presence of OH- ions which may stabilize the polar
scalenohedral crystal faces (Ruiz-Agudo et al., 2011). Several of the factors that influence crystal
form of calcite crystallized directly from a solution have also been shown to influence calcite
microcrystals stabilized from aragonite (Hashim and Kaczmarek, 2020). In addition to the
aforementioned factors, stabilization experiments have shown that lowering fluid/solid ratio
(solution volume/aragonite reactant mass) leads to the formation of polyhedral and anhedral calcite
microcrystals rather than euhedral rhombic crystals, an observation attributed to the increased
competition for space among the growing microcrystals (Hashim and Kaczmarek, 2020).
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Table 6.2 Observations from previous experimental studies showing the conditions under which rhombic and nonrhombic calcite microcrystals form.
Fluid chemistry
([Ca]/[CO3])

Carmona et
2003 (11)
Kim et al.,
(15)
Hashim
Kaczmarek,
(16)
Davis et al.,
(12)
Carmona et
2003 (11)

Carbonation
of Ca(OH)2
Direct
precipitation
Aragonite to
calcite
stabilization
Seeded
precipitation
Carbonation
of Ca(OH)2

Ca(OH)2, CO2
(1.06 - 1.23)
CaCl2, (NH4)2CO3,

Kim et al., 2016
(14)

Seeded and
non-seeded
precipitation
Direct
precipitation

Kim et al., 2017
(15)

Direct
precipitation

Hashim
and
Kaczmarek, 2020
(16)
Hashim
and
Kaczmarek, 2021
(3)
Hashim
and
Kaczmarek, 2020
(16)

Aragonite to
calcite
stabilization
Aragonite to
calcite
stabilization
Aragonite to
calcite
stabilization

al.,
2017
and
2020
2000
al.,

Ruiz-Agudo et al.,
2011 (17)

Saturation
state
wrt
calcite (Ω)
-

Fluid:sol
id ratio
(mL/g)
-

Interpreted cause
for
non-rhombic
form
-

-

-

-

Distilled water

Near
equilibrium

150

-

NaHCO3,
CaCl2,
MgCl2,
Ca(OH)2, CO2
(> 1.28)

Near
equilibrium
Far
from
equilibrium

-

Aqueous Mg

-

NaHCO3,
NaCl

6.5

High supersaturation
and nonstoichiometry
(i.e., [Ca]/[CO3])
High pH

CaCl2,

CaCl2, (NH4)2CO3,
glycine and aspartic
amino acids
CaCl2, (NH4)2CO3,
MgCl2, polystyrene
sulfonate
NaCl, Na2SO4

-

-

Amino acids

-

-

Aqueous Mg and
polystyrene sulfonate

Near
equilibrium

150

Aqueous SO4

MgCl2, CaCl2, CO2

Near
equilibrium
(1 - 1.5)
Near
equilibrium

0.3

Aqueous Mg

0.8

Low fluid/solid ratio

Distilled water

Crystal
form

Rhombic

Type
of
experiment

Non-rhombic

Study (reference)

Linking Calcite Microcrystal Form to Diagenetic Environments
The hypothesis that rhombic microcrystals form during meteoric diagenesis is consistent
with direct observations from Holocene carbonate sediments currently undergoing stabilization to
rhombic calcite in a freshwater setting in the Bahamas (Steinen, 1982) (Fig. 6.1e), and calcite
microcrystals crystallizing from freshwater in various modern environments (Folk, 1974). In
contrast, polyhedral (non-rhombic) calcites in Neogene sediments are interpreted to have formed
via stabilization in the marine realm based on stable isotope values that reflect marine fluids
(Munnecke et al., 1997; Melim et al., 2002; Lucia, 2017) (Fig. 6.1f). The consistency of these
observations with the proposed hypothesis is critical since these observations are from relatively
226

modern sediments that have not been buried substantially, which makes the interpretation of their
diagenetic history relatively straightforward.
The experimental studies highlight numerous growth conditions that interfere with calcite
crystal growth and lead to the development of non-rhombic forms. In natural settings, these
specific physical and chemical conditions are commonly encountered by marine carbonate
sediments and thus represent the diagenetic rule rather than the exception. For example, aqueous
Mg and SO4, both shown experimentally to interfere with calcite crystal form, are the most
common divalent ions in seawater (Millero, 1996). Furthermore, marine sediments are more likely
to undergo diagenesis in the marine and marine-burial setting, and less likely to experience
meteoric diagenesis. Accordingly, if rhombic calcite microcrystals form exclusively during
meteoric diagenesis, they would be expected to be rarer, and indeed are, based on the published
textural and geochemical data. Supplementary Table 6.S1 indicates that the vast majority of calcite
microcrystals are reported to be non-rhombic and are interpreted to form during burial diagenesis
from marine fluids based on stratigraphic and geochemical data. Statistics from the published
global studies show that ~ 90% of calcite microcrystals in Phanerozoic limestones exhibit nonrhombic forms whereas only 10% are rhombic (Kaczmarek et al., 2015). Interestingly, nearly 93%
of published case studies report geochemical evidence from calcite microcrystals consistent with
the marine burial, whereas the remaining 7% report geochemical evidence indicative of meteoric
diagenesis (Hasiuk et al., 2016). To emphasize, the vast majority of calcite microcrystals in
Phanerozoic limestones spanning a wide range of geologic ages, depositional environments, and
burial depths, exhibit non-rhombic forms (Kaczmarek et al., 2015) and their geochemistry
indicates formation in the marine burial diagenetic realm (Hasiuk et al., 2016).
Phanerozoic limestones characterized by the far more uncommon rhombic calcite
microcrystals (Table 6.1; Fig. 6.2) often exhibit sedimentologic and petrographic evidence
indicative of meteoric diagenesis, such as paleosols, exposure surfaces, and clay-filled karstic
cavities (da Silva et al., 2009; Deville de Periere et al., 2011), and geochemical evidence, such as
low trace element concentrations and depleted stable isotope values (Fig. 6.3). More specifically,
the Malacca limestone, Stuart City, and Thamama Gp. limestones, which are characterized by
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rhombic microcrystals (Fig. 6.2), all exhibit stratigraphic and sedimentological evidence of an
associated unconformity (Alexander and Nellia, 1993; Collins et al., 1996; Rameil et al., 2012;
Phelps et al., 2014), petrographic evidence of one or more exposure surfaces and meteoric
diagenesis, such as vuggy porosity and meniscus cement (Budd, 1989; Moshier, 1989; Collins et
al., 1996), and geochemical evidence suggestive of meteoric fluids such as low trace element
contents and stable isotope values depleted relative to associated marine deposits (Budd, 1989;
Moshier, 1989; Perkins, 1989).
Stable carbon and oxygen isotopes are routinely used to interpret the diagenetic fluids of
crystallization of carbonate minerals. Depletion in both 𝛿13C and 𝛿18O with respect to the inferred
isotopic signature of age-equivalent marine calcites, for example, results in what has been called
the “inverted J trend” for meteoric diagenesis (Lohmann, 1988; Hasiuk et al., 2016; Tendil et al.,
2021). As illustrated in Figure 6.3, this isotopic trend characterizes all but one of the case studies
that report rhombic calcite microcrystals (Table 6.1) and measure their stable isotopes (Fig. 6.3).
Moreover, two of the three limestone units examined here (Malacca and Stuart City Trend) exhibit
the inverted J trend. In these examples, the samples with the most depleted 𝛿13C values exhibit
rhombic calcite microcrystals, whereas samples with less depleted or enriched 𝛿13C values are
dominated by non-rhombic calcite microcrystals (Supplementary Table 6.S2 and Fig. 6.S1).
Collectively, these observations are consistent with the proposed hypothesis that rhombic calcite
microcrystals form in meteoric fluids.
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Figure 6.2 SEM images of rhombic calcite microcrystals from (A) Malacca limestone, (B) Stuart City Trend, and (C)
Thamama Gp. Note that Malacca and Stuart City samples are characterized by rhombic microcrystals whereas
Thamama sample is characterized by a mixture of rhombic and polyhedral crystals. All scale bars are 5 µm.

The Thamama Gp., which is dominated by non-rhombic calcite microcrystals but also
contains occasional rhombic calcite microcrystals (Fig. 6.1c; Supplementary Fig. 6.S1), although
generally consistent with the proposed hypothesis, reveals a more complicated story. All the 22
Thamama Gp. samples examined here texturally are characterized by non-rhombic microcrystals
except one sample characterized by unequivocal rhombic microcrystals and two others dominated
rhombic with a few non-rhombic calcite microcrystals (Supplementary Table 6.S2 and Figure
6.S1). Thamama Gp. limestones have low trace element concentrations (Budd, 1989; Moshier,
1989), depleted 𝛿18O, but seemingly normal marine 𝛿13C (Fig. 6.3), which Moshier (1989) used to
argue that the calcite microcrystals formed via diagenetic stabilization of a metastable CaCO3
precursor in the marine burial realm. He reasoned that the 𝛿13C reflected marine fluids and
suggested that the low Sr concentrations (< 200 ppm) in the calcite microcrystals reflects either a
low-Sr, calcite-rich precursor sediment, or multiple episodes of recrystallization in an open system.
Using similar data, Budd (1989) interpreted the calcite microcrystals in the Thamama to reflect
diagenetic stabilization in meteoric fluids based on the depleted 𝛿18O and trace elements (Mg, Sr,
Fe, and Mn). He argued that although depleted 𝛿13C is common in carbonates crystallized in
meteoric settings, isotopic depletion would be insignificant if the fluid:solid ratio was low (i.e.,
rock buffered), or if the organic carbon content was low in sediments, as is typically the case in an
arid setting (Budd, 1989).
While the diagenetic environment responsible for the calcite microcrystals in Thamama
Gp. has been debated, the presence of rhombic calcite microcrystals (Fig. 6.3c) likely indicates
that Thamama Gp. limestones must have been exposed to meteoric fluids at some point during
diagenesis. That being said, the dominance of non-rhombic calcite forms in the Thamama
(Supplementary Fig. 6.S1) implies that the exposure to meteoric diagenesis was perhaps limited
or it was preceded and/or followed by diagenesis in marine burial settings, which may also explain
the positive 𝛿13C values. Based on field, petrographic, sedimentological, stratigraphic, and
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geochemical data from Oman (south of the area studied here and by Budd (1989) and Moshier
(1989)), Rameil et al. (2012) concluded that multiple transient subaerial exposures preceded and
followed by marine hardground stages may have occurred near the top Shuaiba (i.e., top Thamama
Gp.) as a result of a number of low-amplitude, high-frequency sea level changes. Importantly, they
noted that sea level oscillations may have destroyed the unequivocal evidence for meteoric
diagenesis expected from such a spatially (> 100,000 km2) and temporally (up to 10 Myr)
substantial discontinuity. This interpretation attests to the complex history of Thamama Gp. on the
Arabian platform and may explain the more ambiguous isotopic (Fig. 6.3) and textural data
(Supplementary Fig. 6.S1) in the Thamama Gp. limestones, which may simply indicate an
ephemeral meteoric influence. In summary, the Malacca and Stuart City Trend limestones are both
dominated by rhombic microcrystals and show clear geochemical evidence for meteoric
diagenesis, whereas Thamama Gp. limestones are dominated by a mixture of non-rhombic and
rarer rhombic calcite microcrystals and exhibit ambiguous geochemical signals suggestive of
intermittent exposure to meteoric and marine fluids, or perhaps geochemical and textural resetting
during later diagenesis.
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Figure 6.3 𝛿13C and 𝛿18O from Phanerozoic limestones characterized by rhombic calcite microcrystals (Table 6.1).
Gray boxes represent the estimated isotopic composition of marine calcite adopted from reference 10. Gray arrows
point to data from samples whose SEM images are shown in Figure 6.2.

Textural Obliteration by Late Diagenesis
Despite data suggesting that rhombic calcite microcrystals exclusively form during
meteoric diagenesis, meteoric fluids may not always produce rhombic microcrystals given the
multitude of diagenetic factors that can interfere with the form of the growing crystals. For
example, a few case studies reported calcite microcrystals with a mixture of rhombic and nonrhombic forms and suggested, based on petrographic and geochemical evidence, that they have
formed during meteoric diagenesis (Ahr, 1989; Volery et al., 2010) or during either meteoric or
marine diagenesis (Lambert et al., 2006; Carpentier et al., 2015). Assuming the calcite
microcrystals described in these studies formed in the meteoric realm, several hypotheses can
explain why the microcrystals did not become perfectly or only rhombic. For example, in one case
study (Ahr, 1989), the microcrystals were observed on surfaces and interiors of ooids, which have
been shown experimentally to stabilize to polyhedral calcite microcrystals rather than rhombic,
despite stabilization occurring in distilled water, possibly due to the presence of organic matter
(Hashim and Kaczmarek, 2020). It is also not unreasonable to suspect that some rhombic calcite
microcrystals initially formed in meteoric settings are altered by later diagenesis, thus obscuring
their original crystal form. For example, partial dissolution of rhombic calcite microcrystals during
burial diagenesis has been proposed to produce rounded, polyhedral microcrystals (Lambert et al.,
2006), a phenomenon that was recently documented in laboratory experiments (Hashim and
Kaczmarek, 2021). Textural evidence of dissolution, such as rounded edges and inter-crystal gulfs,
was noted in the Stuart City Trend limestones (sample 7 in Supplementary Figure 6.S1). It has also
been suggested that compaction and cementation during burial can alter calcite crystal form
(Lambert et al., 2006; Deville de Periere et al., 2011; Alsuwaidi et al., 2021). Therefore, later
diagenesis may obliterate the initial morphological signature imparted by meteoric diagenesis,
similar to geochemical resetting (Tendil et a., 2021), thus complicating the use of calcite
microcrystal form as a proxy for diagenetic fluids.
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Implications and the Path Forward
The hypothesis that rhombic calcite microcrystals form exclusively during meteoric
diagenesis has several implications. Given that calcite microcrystals host the vast majority of
limestone microporosity (Kaczmarek et al., 2015; Hashim and Kaczmarek, 2019), understanding
their diagenetic history allows for more accurate prediction of microporosity. The proposed
relationship between calcite microcrystal form and diagenetic environment further provides an
independent line of evidence to interpret the sedimentary rock record. Textural criterion for the
meteoric environment is especially desirable given the equivocality of stable isotope and trace
element data in differentiating between diagenetic environments (Budd, 1989; Moshier, 1989;
Swart and Oehlert, 2018; Tendil et al., 2021). Notably, 12 out of 31 (39%) of the studies examined
here (Supplementary Table 6.S1) invoke more than one diagenetic environment for the origin of
calcite microcrystals based on isotope and trace element data, attesting to the inconclusiveness of
these proxies. Lastly, the hypothesis that rhombic calcite microcrystals form exclusively in
meteoric settings implies that their chemical signatures do not reflect marine conditions and thus
they are not suitable for palaeoceanographic reconstructions.
The proposed hypothesis is supported by several lines of evidence from laboratory
experiments, modern sediments, and the ancient rock record. However, because the diagenetic
history of carbonates is often complicated, it is challenging to pinpoint specific diagenetic
environments based on bulk isotopic measurements. Accordingly, future work could further test
the proposed hypothesis using microanalytical techniques, which have the potential to reveal a
more detailed history of the calcite microcrystals (Rinderknecht et al., 2021). Future studies should
also employ other geochemical tools such as trace elements and clumped isotopes that may be less
equivocal in decoding diagenesis than traditional stable isotopes to further test the proposed
hypothesis.
Conclusions
Textural and geochemical data compiled here suggest that the rhombic calcite
microcrystals observed in Phanerozoic limestones most likely form via mineralogical stabilization
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of a metastable CaCO3 precursor during meteoric diagenesis. This interpretation is based in part
on experiments showing that calcite microcrystals formed under the chemical and physical
conditions similar to those of meteoric settings are rhombic, whereas calcite microcrystals formed
under conditions similar to those of marine burial settings are non-rhombic. The hypothesis that
rhombic calcite microcrystals form exclusively in meteoric environments is further supported by
observations from carbonate sediments in relatively modern environments and observations from
the ancient rock record. Collectively, these observations imply that rhombic calcite microcrystals
may be a useful textural proxy for limestone diagenesis in meteoric settings.
Methods
Textural and geochemical data from 31 studies of microcrystalline limestones are compiled
in Supplementary Table 6.S1. New textural observations and stable isotope data from three of
these, the Miocene Malacca Limestone (Belumai Fm.), Indonesia (Alexander and Nellia, 1993;
Collins et al., 1996; Lucia, 2017), Cretaceous Stuart City Trend, Texas, USA (Rameil et al., 2012),
and Cretaceous Thamama Gp., U.A.E. (Kim et al., 2014; Lucia, 2017), are reported in
Supplementary Table 6.S2 and Figures 6.2 and 6.3. In this study, we examined 3 samples from
Malacca limestone (Belumai Fm.) from two wells drilled in the North Sumatra Basin, Indonesia,
11 samples from Stuart City Trend from two wells drilled in Pawnee Field, Texas, U.S.A., and 31
samples from Thamama Gp. from 5 wells from U.A.E (Supplementary Table 6.S2). Some of the
samples were characterized both texturally and isotopically. In those cases, we sampled small rock
chips from cores and performed a thorough textural analysis. We then powered a small proportion
of those same texturally well characterized chips for isotopic analysis.
Imaging was performed on a JEOL 7500 Field Emission SEM using an accelerating voltage
of 5 kV and a working distance of 6 ± 0.2 mm. Samples were coated with 10 nm of osmium.
Microcrystals are defined as crystals with a diameter between 1 and 10 µm (Kaczmarek et al.,
2015). Rhombic refers to euhedral rhombohedral crystals with 6 rhombuses, whereas polyhedral
refers to multi-faceted crystals having > 6 faces. The terms euhedral, subhedral, and anhedral refer
to crystals with well-defined, moderately defined, and poorly defined crystal faces, respectively.
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Stable carbon and oxygen isotopes were measured by placing ~ 10 µm of pure carbonate
samples in a stainless steel boats. Samples were then reacted at 77° ± 1°C with anhydrous
phosphoric acid in a Finnigan MAT Kiel IV preparation device coupled directly to the inlet of a
Finnigan MAT 253 triple collector isotope ratio mass spectrometer. O17 corrected data were
corrected for acid fractionation and source mixing by calibration to a best-fit regression line
defined by NBS 18 and NBS 19 standards. Data are reported in ‰ notation relative to VPDB.
Analytical precision is maintained at better than 0.1 ‰ for both 𝛿13C and 𝛿18O.
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Appendix
Supplementary Table 6.S1. A list of studies that reported calcite microcrystals in Phanerozoic
marine limestones and interpreted their diagenetic origin.
Reference

Age

Location

Crystal Form

Steinen (1982)

Holocene

Bahamas

Rhombic

Steinen (1978)

Pleistocene

Barbados

Polyhedral

Saller and Moore
(1989)

Pleistocene and
Oligocene

Enewetak Atoll,
Marshall Islands

Lucia (2017)
Lucia and Loucks
(2013)

Miocene–
Pleistocene
Miocene–
Pleistocene

Bahamas
Bahamas

Polyhedral
Polyhedral;
anhedral
Polyhedral;
anhedral

Diagenetic
Environment
Meteoric
Meteoric or
mixing

Evidence*†
Currently residing in meteoric fluids
Currently residing in meteoric fluids

Marine burial

δ13C is similar to marine sediments,
δ18O is compatible with precipitation
from seawater at cool temperature (~
15 ℃)

Marine burial

-

Marine burial

-

Melim et al.
(2002)

Neogene

Bahamas

Polyhedral;
anhedral

Seafloor, marine
burial, deep
burial

δ13C and δ18O are both positive

Lasemi and
Sandberg (1984)

Oligocene–
Pleistocene

Florida, U.S.A.,
Bahamas,
Mexico, Italy

Polyhedral

Meteoric

-

Loucks et al.
(1998)

Eocene

Tunisia

Polyhedral;
aligned crystals;

Shallow and
deep marine
burial

Petrographic observations

da Silva et al.
(2009)

Paleocene

Spain

Rhombic;
polyhedral

Meteoric

Valencia and Laya
(2020)

Oligocene Miocene

Venezuela

Polyhedral

Shallow marine

Petrographic observations (exposure
surface, paleosols)
Petrographic observations,
paragenesis,

Miocene

Indonesia

Rhombic

Meteoric

Depleted δ13C and δ18O

Paleocene,
Cretaceous

Iran, Libya,
Arabian Gulf

Polyhedral

Meteoric or
marine

-

Marine

Moshier (1989a)

Moshier (1989b)

Cretaceous

U.A.E.

Polyhedral;
rhombic

Budd (1989)

Cretaceous

U.A.E.

Polyhedral;
rhombic

Meteoric

Cox et al. (2010)

Cretaceous

U.A.E.

Polyhedral

Marine burial

Deville de Periere
et al. (2011)

Cretaceous

Iraq, U.A.E,
Qatar

Polyhedral;
anhedral;
elongated;
rhombic

Meteoric and
Marine

Dewever et al.
(2007)

Cretaceous

Albania

Polyhedral

Marine burial
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δ13C values similar to the inferred
marine signature, depleted δ18O
compatible with formation and
elevated temperature (burial).
Depleted δ18O compatible with
meteoric fluids, low concentration of
trace elements (Mg, Sr, Mn, Fe)
compatible with open system
diagenesis
Depleted δ18O interpreted to reflect
burial temperatures
Petrographic observations (exposure
surface, clay-filled karastic features,
cements, moldic porosity), depleted
δ13C and δ18O and compatible with
freshwater
Positive δ13C and slightly negative
δ18O interpreted to reflect seawater
derived fluids

Holail and
Lohmann (1994)

Cretaceous

Loucks et al.
(2017)

Cretaceous

Egypt

Louisiana,
U.S.A.

Rhombic

Meteoric

Anhedral;
polyhedral

Marine

Rhombic

Meteoric and/or
shallow marine

Perkins (1989)

Cretaceous

Texas, U.S.A.

Rhombic;
polyhedral

Meteoric or deep
marine

Loucks et al.
(2013)

Cretaceous

Texas, U.S.A.

Rhombic;
polyhedral

Meteoric and/or
shallow marine

Richard et al.
(2007)

Cretaceous

France

Lambert et al.
(2006)

Jurassic &
Cretaceous

Iraq, U.A.E.

Volery et al.
(2010b)

Jurassic &
Cretaceous

France

Carpentier et al.
(2015)

Jurassic

France

Polyhedral with
some rhombic

Meteoric and
marine burial

Ahr (1989)

Jurassic

Texas, U.S.A.

Polyhedral;
anhedral

Meteoric

Dravis (1989)

Jurassic

Texas, U.S.A.

Tavakoli and
Jamalian (2018)

Permian &
Cretaceous

Arabian Gulf

Dickson and
Kenter (2014)

Devonian –
Carboniferous

The Caspian Sea,
Kazakhstan

Kaldi (1989)

Devonian

Canada

Subhedral
rhombic;
polyhedral
Polyhedral;
rounded
Subhedral
rhombic;
polyhedral

Subhedral
rhombic
Subhedral
rhombic;
polyhedral
Rhombic;
polyhedral;
anhedral
Subhedral;
Rhombic;
polyhedral;
aligned crystals

Meteoric
Meteoric or deep
marine
Meteoric

Deep burial

Depleted δ13C and δ18O and low
concentration of trace elements (Na
and Sr)
Positive δ13C and slightly negative
δ18O and high concentration of trace
elements
Petrographic observations
Depleted δ18O values consistent with
meteoric fluids or marine waters at
higher temperature, and low trace
element concentrations support open
system diagenesis
Petrographic observations
(pendulous cement, wholesale
aragonite dissolution)
Depleted δ13C and δ18O, and low
trace element concentrations
Positive δ13C and negative δ18O
values
Depleted δ13C and δ18O, low
concentrations of Sr and Mg, and
petrographic observations
Positive δ13C and negative δ18O
compatible with precipitation from
meteoric fluids or marine fluids at
higher temperature
Positive δ13C and negative δ18O,
trace elements (Mg, Fe, Mn, Sr, Na,
Al, Zn, S), and petrographic
observations,
Positive δ13C and negative δ18O, and
petrographic observations

Meteoric

-

Meteoric (but
marine was not
excluded)

Depleted δ13C and δ18O, petrographic
observations, and
CL petrography

Meteoric or
shallow marine

Petrographic observations

Al-Aasm and
Azmy (1996)

Devonian

Canada

Polyhedral;
anhedral;
aligned crystals

Shallow or
intermediate
burial in
modified marine
water

Munnecke et al.
(1997)

Silurian &
Pliocene

Bahamas,
Sweden

Polyhedral

Shallow marine
burial

Positive δ13C and very negative δ18O
interpreted to reflect formation at
higher temperature during burial.
Trace elements (Mg, Mn, Sr, Na)
Petrographic observations (e.g.,
wholesale dissolution)
Positive δ13C and δ18O, and
petrographic observations

* δ13C and δ18O refer to carbon and oxygen isotopes in carbonates relative to VPDB.
† Depletion is relative to the age-equivalent isotopic composition of marine calcite.

Supplementary Table 6.S2. A summary of the textural and stable isotopic data for all samples
examined in this study.
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Sample
no.*
1
1
1
1
1

SEM
Image no.
1-1
1-2
1-3
1-4
1-5

Geologic unit

Well

Age

Location

Crystal Form

Mallaca
Mallaca
Mallaca
Mallaca
Mallaca

A2
A2
A2
A2
A2

Miocene
Miocene
Miocene
Miocene
Miocene

Indonesia
Indonesia
Indonesia
Indonesia
Indonesia

2

2-1

Mallaca

A2

Miocene

Indonesia

2
2
2
2
2
2
3

2-2
2-3
2-4
2-5
2-6
2-7
3-1

Mallaca
Mallaca
Mallaca
Mallaca
Mallaca
Mallaca
Mallaca

A2
A2
A2
A2
A2
A2
A3

Miocene
Miocene
Miocene
Miocene
Miocene
Miocene
Miocene

Indonesia
Indonesia
Indonesia
Indonesia
Indonesia
Indonesia
Indonesia

3

3-2

Mallaca

A3

Miocene

Indonesia

3

3-3

Mallaca

A3

Miocene

Indonesia

3
3
3
3
3
3
3
3
4
4

3-4
3-5
3-6
3-7
3-8
3-9
3-10
3-11
4-1
4-2

Mallaca
Mallaca
Mallaca
Mallaca
Mallaca
Mallaca
Mallaca
Mallaca
Stuart City Trend
Stuart City Trend

A3
A3
A3
A3
A3
A3
A3
A3
Schroder2
Schroder2

Miocene
Miocene
Miocene
Miocene
Miocene
Miocene
Miocene
Miocene
Cretaceous
Cretaceous

Indonesia
Indonesia
Indonesia
Indonesia
Indonesia
Indonesia
Indonesia
Indonesia
Texas, U.S.A.
Texas, U.S.A.

4-3

Stuart City Trend

Schroder2

Cretaceous

Texas, U.S.A.

5
5
6
6
6
6
6
6
6
6
6
6
7

5-1
5-2
6-1
6-1
6-2
6-3
6-4
6-5
6-6
6-7
6-8
6-9
7-1

Stuart City Trend
Stuart City Trend
Stuart City Trend
Stuart City Trend
Stuart City Trend
Stuart City Trend
Stuart City Trend
Stuart City Trend
Stuart City Trend
Stuart City Trend
Stuart City Trend
Stuart City Trend
Stuart City Trend

Schroder2
Schroder2
Krause4
Krause4
Krause4
Krause4
Krause4
Krause4
Krause4
Krause4
Krause4
Krause4
Schroder2

Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous

Texas, U.S.A.
Texas, U.S.A.
Texas, U.S.A.
Texas, U.S.A.
Texas, U.S.A.
Texas, U.S.A.
Texas, U.S.A.
Texas, U.S.A.
Texas, U.S.A.
Texas, U.S.A.
Texas, U.S.A.
Texas, U.S.A.
Texas, U.S.A.

7
8
8

7-2
8-1
8-2

Stuart City Trend
Stuart City Trend
Stuart City Trend

Schroder2
Krause4
Krause4

Cretaceous
Cretaceous
Cretaceous

Texas, U.S.A.
Texas, U.S.A.
Texas, U.S.A.

8

8-3

Stuart City Trend

Krause4

Cretaceous

Texas, U.S.A.

9
9
9
10
10
11
11
11
12
12
12

9-1
9-2
9-3
10-1
10-2
11-1
11-2
11-3
12-1
12-2
12-3

Thamama Gp.
Thamama Gp.
Thamama Gp.
Thamama Gp.
Thamama Gp.
Thamama Gp.
Thamama Gp.
Thamama Gp.
Thamama Gp.
Thamama Gp.
Thamama Gp.

Sajaa-3
Sajaa-3
Sajaa-3
Sajaa-3
Sajaa-3
Sajaa-3
Sajaa-3
Sajaa-3
Sajaa-3
Sajaa-3
Sajaa-3

Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous

U.A.E.
U.A.E.
U.A.E.
U.A.E.
U.A.E.
U.A.E.
U.A.E.
U.A.E.
U.A.E.
U.A.E.
U.A.E.

Rhombic
Rhombic
Rhombic
Non-rhombic
Mixed rhombic and
non-rhombic
Mixed rhombic and
non-rhombic
Polyhedral
Polyhedral
Polyhedral
Polyhedral
Polyhedral
Polyhedral
Mixed rhombic and
non-rhombic
Mixed rhombic and
non-rhombic
Mixed rhombic and
non-rhombic
Rhombic
Rhombic
Rhombic
Rhombic
Rhombic
Rhombic
Rhombic
Rhombic
Rhombic
Mixed rhombic and
non-rhombic
Mixed rhombic and
non-rhombic
Rhombic/rounded
Polyhedral
Rhombic
Rhombic
Rhombic
Rhombic
Rhombic
Rhombic
Rhombic
Rhombic
Rhombic
Rhombic
Mixed rhombic and
non-rhombic
Rhombic/rounded
Rhombic
Mixed rhombic and
non-rhombic
Mixed rhombic and
non-rhombic
Polyhedral
Polyhedral
Polyhedral
Polyhedral
Polyhedral
Polyhedral
Polyhedral
Polyhedral
Polyhedral
Polyhedral
Polyhedral
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δ13C
(VPDB)
-2.33
-

δ18O
(VPDB)
-8.29
-

-0.15

-8.30

-3.80

-8.76

-

-

-

-

-0.58
-

-5.01
-

-

-

0.04
-1.18
1.60

-4.75
-5.15
-4.40

2.88
-

-5.15
-

-

-

4.79
3.22
2.72
4.65
-

-4.48
-3.48
-3.35
-4.06
-

12
13
14
14
14
15
15
15
15

12-4
13-1
14-1
14-2
14-3
15-1
15-2
15-3
15-4

Thamama Gp.
Thamama Gp.
Thamama Gp.
Thamama Gp.
Thamama Gp.
Thamama Gp.
Thamama Gp.
Thamama Gp.
Thamama Gp.

Sajaa-3
M5
M5
M5
M5
M6
M6
M6
M6

Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous

U.A.E.
U.A.E.
U.A.E.
U.A.E.
U.A.E.
U.A.E.
U.A.E.
U.A.E.
U.A.E.

15
16
16
16
16
16
17
17
18
18
19

15-5
16-1
16-2
16-3
16-4
16-5
17-1
17-2
18-1
18-2
19-1

Thamama Gp.
Thamama Gp.
Thamama Gp.
Thamama Gp.
Thamama Gp.
Thamama Gp.
Thamama Gp.
Thamama Gp.
Thamama Gp.
Thamama Gp.
Thamama Gp.

M6
M6
M6
M6
M6
M6
M7
M7
M4
M4
M4

Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous

U.A.E.
U.A.E.
U.A.E.
U.A.E.
U.A.E.
U.A.E.
U.A.E.
U.A.E.
U.A.E.
U.A.E.
U.A.E.

19
20
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
43
44
45

19-2
20-1
20-2
21-1
22-1
23-1
24-1
25-1
26-1
27-1
28-1
29-1
30-1
-

Thamama Gp.
Thamama Gp.
Thamama Gp.
Thamama Gp.
Thamama Gp.
Thamama Gp.
Thamama Gp.
Thamama Gp.
Thamama Gp.
Thamama Gp.
Thamama Gp.
Thamama Gp.
Thamama Gp.
Stuart City Trend
Stuart City Trend
Stuart City Trend
Stuart City Trend
Stuart City Trend
Stuart City Trend
Thamama Gp.
Thamama Gp.
Thamama Gp.
Thamama Gp.
Thamama Gp.
Thamama Gp.
Thamama Gp.
Thamama Gp.

M4
M4
M4
M4
M4
M4
M4
M4
M4
M4
M4
M4
M4
Schroder2
Schroder2
Schroder2
Schroder2
Schroder2
Krause4
Sajaa-3
Sajaa-3
Sajaa-3
Sajaa-3
Sajaa-3
Sajaa-3
Sajaa-3
Sajaa-3

Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous

U.A.E.
U.A.E.
U.A.E.
U.A.E.
U.A.E.
U.A.E.
U.A.E.
U.A.E.
U.A.E.
U.A.E.
U.A.E.
U.A.E.
U.A.E.
Texas, U.S.A.
Texas, U.S.A.
Texas, U.S.A.
Texas, U.S.A.
Texas, U.S.A.
Texas, U.S.A.
U.A.E.
U.A.E.
U.A.E.
U.A.E.
U.A.E.
U.A.E.
U.A.E.
U.A.E.

Polyhedral
Polyhedral
Polyhedral
Polyhedral
Polyhedral
Polyhedral
Polyhedral
Polyhedral
Polyhedral with some
rhombic
Polyhedral
Rhombic
Rhombic
Rhombic
Rhombic
Rhombic
Polyhedral
Polyhedral
Polyhedral
Polyhedral
Polyhedral with a few
rhombic
Polyhedral
Polyhedral
Polyhedral
Polyhedral
Polyhedral
Polyhedral
Polyhedral
Polyhedral
Polyhedral
Polyhedral
Polyhedral
Polyhedral
Polyhedral
-

-

-

3.08
-

-5.28
-

-0.52
-0.84
2.75
2.89
3.18
3.03
4.39
4.69
4.82
4.82
4.68
4.61
4.66
2.77

-4.98
-5.10
-3.87
-4.05
-3.52
-4.31
-4.70
-4.06
-4.11
-4.44
-4.34
-4.95
-4.23
-3.20

* Samples 1 - 12 and 16 were examined texturally and analyzed isotopically. Samples 13 - 30 were examined only texturally and
their isotopes are reported in previous studies (Table 6.S1 and Fig. 6.3). Samples 31 - 45 were analyzed only for their isotopic
compositions and their textures are reported in previous studies (Table 6.S1). See Figure 6.S1 below for the textural data of sample
1 - 30.
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Supplementary Figure 6.S1. SEM images for all the samples examined in this study (samples 1 - 30 in Table 6.S2
above). Textural interpretations (rhombic, non-rhombic) and the isotopic values for each sample are listed in Table
6.S2.
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